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So I sit before flowers,
hoping they will train me in the art of opening up.
I stand on mountain tops
believing that avalanches will teach me to let go.
I know nothing,
but I am here to learn.
– Shane Koyczan
The Student

Concision
Abstract. Implementing heat pumps as an energy efficient method to provide heat
and rooftop photovoltaic installations as a source of renewable energy in dwellings has
a possible impact on the distribution, transmission, billing and trading of electricity.
Evaluating this electrification of building energy services from a building perspective
as such unwittingly externalizes costs. Excluding these effects underestimates the over-
all societal cost of possible systems, resulting in a disproportionate trade-off between
different possible policy measures.
In this context, the presented work estimates the externalised effects of low-energy
dwellings at the the low-voltage distribution grid based on comprehensive building
and energy system simulations. The required comprehensive framework at neighbour-
hood level was effectuated through the development of two novel modelling environ-
ments as part of the open-source OpenIDEAS framework. The IDEAS Library allows
district energy simulations which integrate all main electric and thermal aspects of
the energy systems in and between buildings. The StROBe Module provides stochastic
occupant behaviour as boundary conditions for all main variables, i.e. the receptacle
loads, the hot water tap flows and the space heating set-points.
Through the OpenIDEAS framework, the effect of integrating heat pump and photo-
voltaic systems in the residential built environment is evaluated for two reference
neighbourhoods. The heating system design, average insulation level, system sizing
and feeder strength are identified as potential system variables which influence the
overall impact of the integration, and are thus kept variable. In a rural context, the
possible external costs for maintaining electricity distribution at the low-voltage grid
are found to lie in the same order of size as the marginal present worths of the con-
sidered dwelling designs, and cost-effective design options are available which lower
or avoid the externalities. Contrary, the impact of heat pump based dwellings on the
low-voltage grid has been found negligible in an urban context when we consider
their implementation in up to sixty percent of the dwellings.
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Samenvatting. De versnelde integratie van warmtepompen als energieëfficiente
technologie voor warmteopwekking en van fotovoltaïsche panelen als herniewbare
bron van elektriciteit heeft zijn mogelijke impact op de distributie, transmissie, pri-
jszetting en verhandeling van elektriciteit. De evaluatie van deze elektrificatie van
energiesystemen in gebouwen vanuit gebouwstandpunt zal hierdoor ongewild kosten
externaliseren: Het uitsluiten van deze mogelijke impact onderschat de werkelijke
maatschappelijke kost van mogelijke systeemkeuzes, die resulteert in een onevenredige
afweging van mogelijke beleidsmaatregelen.
Het gepresenteerde werk maakt in deze context een schatting van de geëxternaliseerde
kosten van lage-energie woningen in het laagspanning distributienet. De nodige
rekenomgeving om een antwoord te geven op deze vraag werd bekomen door de
ontwikkeling van twee nieuwe modelleeromgevingen binnen het open-source kader
van OpenIDEAS. De IDEAS Library faciliteert energiesimulaties op wijkniveau welke alle
voornaamste thermische en elektrische aspecten in en tussen gebouwen integreren.
De StROBe Module voorziet hierbij stochastisch bewonersgedrag als randvoorwaarde
voor alle voornaamste variabelen, i.e. de huishoudelijke elektrische lasten, de warm
water tapprofielen en het verwachtte thermische comfort in de ruimten.
Door middel van OpenIDEAS werd het effect van de integratie van warmtepomp en
photovoltaïsche systemen in onze residentïele bebouwde omgeving bestudeerd voor
twee referentiewijken. Het ontwerp van het verwarmingssysteem, de algemene iso-
latieniveaus, de dimensionering van systemen en het ontwerp van het bestaande
laagspanningsnet hebben hierin hun rol en zijn meegenomen als variabelen. In een lan-
delijke context blijken de mogelijke externe kosten voor het verzekeren van de correcte
werking van elektriciteitsdistributie op het laagspanningsnet in dezelfde grootteorde
te liggen als de marginale netto huidige waarden van de onderzochte gebouwvari-
anten. Dit duidt dat er kostenefficiënte gebouwontwerpen mogelijk zijn die geëxter-
naliseerde kosten kunnen reduceren of vermijden. Echter, in een stedelijke context
werd de impact van warmtepomp-gebaseerde woningen op het laagspanningsnet niet
noemenswaardig bevonden tot implementatiegraden van zestig procent.
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Chapter 1
Prologue
This book is about dwellings – buildings that accommodate our daily life and whose
majority is located in an urban fabric or sprawl developed during the late 19th and
20th centuries. They mould the spatial morphology of our built environment, edify
its social and economic patterns, and provide us spaces with a healthy indoor envi-
ronment where we can live and work together. Moreover, the dwelling participates
as a system in an urban metabolism which are both defined by a desired commodity
satisfaction, a commodity scarcity, a carrying capacity and conservation laws. From an
engineering point of view, its role herein however rapidly changes as numerous evo-
lutions eventuate in parallel within the construction industry, architecture and design
fields as we query the sustainability of the human environment. Our built environ-
ment rapidly urbanizes in a sociological context of rationalization and a scarcity of
land. Its building enclosures evolve into high performance building envelopes while
ensuing an increased desired comfort level. The installed building heating and cooling
systems ennoble into low exergy systems and occasionally scale up to district systems,
rewriting the system definition. And the provided services rapidly electrify, altering
our electricity system from a vertically operated to an increasingly distributed network
and supply system. While these slow transitions accumulate, the societal objectives
progressively entangle and drawing conclusions becomes an inter-subjective matter
as we study its design and management. Judging the (im-)probable outcome of hypo-
thetical proceedings becomes vulnerable to abstraction of errors, which augments the
likelihood of cost and risks being unwittingly externalized as we judge the total social
cost of possible policy measures.
Similar to the concept of economy of scales, the impact of this system liaison is most
pronounced at the scale where it can not be counterbalanced by a critical mass, which
makes the electricity distribution network the spatio-temporal system scale with the
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Figure 1.1: Graphical overview on the technical and economic subsystems in which
a dwelling and its electricity system play a role; and as such whereto cost can be
externalized when cost effectiveness is evaluated at the level of a single building.83
main technical challenges related to the indicated system integration.
1.1 Problem statement
Given the framework set by the European directives 2002/91/ec and 2010/31/eu on
the energy performance of buildings, building energy measures are generally evalu-
ated by comparison with ‘minimum standards on the energy performance of new buildings
and existing buildings that are subject to major renovation; based on a common methodol-
ogy for calculating the integrated energy performance of buildings’.188;189 However, in the
aim of rendering an economy that is less carbon-intensive and more energy indepen-
dent, improving the building energy performance is only one of many paths followed
among progress on the energy demand side in transport and industry, and on the
energy supply side including the required instantaneous balancing of both factors.
The distribution of required societal investments over these different paths is generally
determined based on cost effectiveness and, as such, cost effectiveness quantification
has been the standard method for the evaluation of policy measures regarding the
building energy performance in the past decade.5;140;196
However, as buildings and their energy systems, and in the presented work particularly
single-family dwellings, are part of different technical and economic subsystems as
denoted in Figure 1.1, a cost effectiveness quantification at the level of a single building
unwittingly externalizes costs and neglects the possible physical impact on other
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systems. This certainly applies when we consider an electrification of the building
energy services, e.g. by the implementation of a heat pump as an energy efficient
method to provide space heating and/or domestic hot water, and the installation of
rooftop photovoltaic installations which have a possible impact on the distribution,
transmission, billing and trading of electricity. Excluding these effects underestimates
the overall societal cost of possible systems, resulting in a disproportionate trade-off
between different possible policy measures. In this context, it is the general aim of the
present work:
‘To provide a first estimate of externalised effects of low-energy dwellings
at the, in hierarchy, first aggregate technical subsystem
based on comprehensive building and energy system simulations.’
1.2 Research scope and objectives
As stated, and within the framework of the above elaborated problem statement, the
overall aim of the presented research is to give a first estimate of the externalised
effects of low-energy dwellings at the (in hierarchy) first aggregate technical subsystem,
i.e. the low-voltage distribution network. Given this overall aim and based on the
following literature review in Section 2 on page 7, the main research question for this
study is fivefold:
– ‘To set up a simulation environment which enables quantifying the effects of thermal
building measures on the low-voltage distribution network.’ That is, an environment
in which thermal and electrical energy flows are simulated at the same time
allowing direct feedback control loops between both if necessary.
– ‘To define a representative set of residential cases for which the quantified externalised
effects may be generalised (if possible).’
– ‘To set up a modelling environment which defines all stochastic boundary conditions
for the stated simulation environment regarding residential occupant behaviour.’ That
is, an environment in which thermal and electrical human interventions in the
overall technical system are simulated with regard to comfort.
– ‘To define the aleatory uncertainty in the stated system simulations caused by the stochas-
tic nature of human interventions.’
– ‘To estimate the externalities of low-energy dwellings on low-voltage distribution net-
works and identify the potential to optimize the thermal dwelling properties.’ That is,
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evaluate on the possible occurring physical effects and evaluate how building en-
ergy measures in the building envelope, and in the thermal and electric systems
influence these effects.
In addition to the overall aims, some methodological refinements in the field of build-
ing system and distribution system simulations are made. In the next section, outlining
this dissertation, these are explicated.
1.3 Proposed methodology and outline
The outline of this work logically follows the structure of the underlying research. It
can therefore be divided in three specified domains, preceded by a reviewing section
and closed by an epilogue;
– Opening, methodology and review;
– Part A on Modelling and Foundation, i.e. description of a novel model environ-
ment for district energy simulations and handling of possible variance;
– Part B on Stochasticity and Uncertainty, i.e. description of stochastic boundary
conditions of human behaviour and related uncertainties;
– Part C on Sensitivity, i.e. study on the impact of dwelling design parameters on
externalities at the electricity distribution grid;
– Concluding remarks.
Based on these main divisions, the separate chapters of this dissertation can be elabo-
rated as given in the following outline.
Interdisciplinary research at the spatial scale of a distribution network requires a model
environment, whose development forms a stepping stone to the engineering sensitiv-
ity analysis ahead. Generally, each curriculum has its own physical theories describing
quintessential phenomena for which the implementation in software tools is widely
used as incubator for research. Such implementations are restricted to a limited set of
domains guided by computational limitations, evolving with technology development.
The spatial and temporal expansion of the current state-of-the-art on simulating ther-
mal and electric systems within the current limitations forms the topic of the first part.
Chapter 3 therefore elaborates on all implemented physical equations allowing tran-
sient integrated district energy assessment simulations. The detailed implementation
is described in Appendix A and the required validation in Appendix B. Concluding,
we propose the development of two representative cases for further research based on
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extensive survey data analysis, and its implementation in the developed simulation
framework.
Comprehensive district energy model environments however also require boundary
conditions formulated at the same spatial and temporal resolution. Here, the descrip-
tion of the climatic conditions and of the stochastic nature of the physical and infor-
mational interaction between occupants and the built environment are to be described.
Chapter 4 therefore introduces all assumptions on required boundary conditions for
the district energy simulation and the required validation; based on the literature
review and raised research questions. Starting by the stochastic modelling of house-
hold members occupancy and activity patterns based on clustered time use survey,
high-resolution stochastic profiles are generated for all space heating set points, hot
water tapping, internal heat gains and the receptacle loads. Concluding, we propose
an evaluation of the uncertainty in the above stated system simulations induced by
the stochastic nature of human interventions as boundary condition, and its impact
on possible conclusions.
Before jumping to the described chapters dealing with the developed simulation envi-
ronment and the occupant behaviour model, the sections will be preceded by a concise
literature review in Chapter 2.
Given the system simulation environment and representative cases developed in the
third chapter and all required stochastic boundary conditions as elaborated in the
fourth chapter, all requirements are met to estimate the impact of low-energy dwellings
on low-voltage distribution networks and identify the potential to optimize the thermal
dwelling properties for its externalities. Chapter 5.2 therefore depicts the main aim
of this dissertation and treats the design of residential dwellings with respect to the
restrictions of the low-voltage distribution grid.
The epilogue concludes this work wrapping up all findings of the previous chapters
and proposing a logical continuation of the initiated research.

Chapter 2
Review of essential work
To grasp the complexity of the proposed research question, the presented work starts
with a literature review of essential work; focussing on the main research methods
which are generally raised in the aim ‘to estimate externalities of low-energy dwellings at
the low-voltage distribution network.’
In this context, the review of essential work starts with a review on transient simu-
lation environments able to perform a district energy simulation in the domain of
electrical energy, thermal energy or integrating both (or more) domains; focussing on
the simulation platforms able to perform comprehensive transient results based on
mono- or co-simulation. Given the simulation platforms, the review of essential work
will continue with a review on the required transient boundary conditions, i.e. the
stochastic modelling of residential occupant behaviour related to thermal and electric
energy measures.
2.1 District energy
system simulation platforms
Considering buildings and its energy systems as part of different technical and eco-
nomic subsystems urges the need for more elaborate building energy simulation tools
rises. Similar to each engineering research domain, the development of the necessary
tools translates the depicted research question into useful models and all model frame-
works as such distinct from each other by the original research questions they were
developed. The context of the stated research question on buildings as part of a techni-
cal and economic subsystems renders the evolution from simulating an ‘energy-supply
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system’ which describes the technical part of the energy system, to adopting the notion
of simulating an ‘energy-service supply system’ as defined by H.Groscurth et al. as
a subset of the full energy system to emphasize the fact that both the supply and
demand sides of the energy system are studied:67
Definition 2.1 (energy-service supply system) An energy-service supply system consists
of the equipment, the commodity flows and the information necessary to meet a given demand
for energy services within a well-defined spatial area.
where we informally define ‘commodity flows’ as flows which are characterized by
the existence of a conservation law (i.e. being self-evident for mass, energy, emission
but also monetary flows), ‘energy services’ as the ends for which the energy system
provides the mean, and where the term ‘information’ comprises all statistical data on
energy-demand patterns, natural phenomena or socio-economic phenomena which
can be mapped in objective functions or restrictions.
It is a genuine task of model developers and users to separate full system models in
subsystems, guided by the search to define boundaries at which crossing commodity
flows can be measured or defined easily. A such, literature on (the development of)
energy-service supply system related simulation models at the spatial scale of the
district or neighbourhood tend to consist of three distinct modelling approaches, i.e.
– District energy simulation platforms factually consisting of an aggregation of
building energy simulation models, and evaluating the district energy system
response afterwards;
– District energy system simulation platforms focussing on modelling and con-
trolling the energy supply and distribution; though lacking a thermal building
energy model.
– A co-simulation of multiple simulation platforms from different domains.
We will therefore review all relevant literature on the three approaches in the successive
sections.
2.1.1 Aggregated building energy models
In literature, several tools have been presented which focus on district energy system
modelling by aggregating (the results of) building energy models. Here, the energy
demand is generally projected as an hourly resolved time profile for one year where-
after the district energy system is simulated separately as post-processing if applicable,
which hinders a possible feedback from the system to the buildings.
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Given this approach, the modelling tools SUNtool, CitySim and EnerGIS developed
at EPFL,62;63;74;116;160;161 the research toolbox URBS by S.Richter et al. on the one
hand,155;156 and the utility prediction system model TUD-PS by J.Tanimoto et al. and
the similar approach of Y.Yamaguchi et al. 183–185;217–219 on the other hand are of
most interest for the development of a district energy system simulation tool. Both
approaches distinct by their respective focus on aggregated demand modelling includ-
ing stochastic behaviour and focus on the possible impact of the load on the district
system.
SUNtool and its sequel CitySim are conceived to research aggregate flows of urban
resources such as energy, water and waste. Their analyses are based on hourly predic-
tions of thermal energy flows derived from a grey-box ‘Transfer Function’ as building
energy model,43 with an increased focus on the urban micro-climate considering exter-
nal luminance and the urban heat island effect, and hourly stochastic user behaviour.
Given the physical simplifications for the building energy and energy plant models,
the tool simulates two-zone dwellings sub-minute. Y.Yamaguchi et al. adopted a sim-
ilar approach based on the ‘Weighted Factor Method’ as building energy model to
generate hourly heat demand profiles based on stochastic user behaviour,12 while
dealing with the building energy system and the district energy system based on a
parametrized coefficient of performance. Here, the smallest modelling unit is a single
building floor for which the thermodynamic balance is defined, while default profiles
are used for its lighting and receptacle electricity load profile. At last, TUD-PS takes the
latter approach in a first attempt to its limits, by reducing the energy demand calcu-
lation for heating a building to a first-order heterogeneous Markov Chain including
occupancy behaviour. In a second stage, a low-order lumped capacitance is introduced
for transient thermal load calculation at quarter-hour time resolution.
The GIS-based EnerGIS tool adopts the static ‘Energy Signature’ as building energy
model restricting the temporal output to daily values,76;175 with a strong focus on the
optimisation of the district (heating) system optimization based on mixed-integer lin-
ear programming based on parametrised system performance maps. The research tool
URBS shows strong similarity with EnerGIS and was developed to optimise urban en-
ergy system in an integral manner. It consists of four modules, i.e. a city development
module, an energy demand module, an energy supply module and an environment
module; for which the energy demand is defined based on analysis of aggregated daily
(or hourly) demand profiles. Given the modules, URBS describes the energy system in
a cascade way, restricting feedback from e.g. the energy supply module to the demand
module. Both EnerGIS and URBS focus on the effect of long-term evolutions rather than
the detailed analysis of sub-daily phenomenon.
All stated tools have in common that we would consider them as ‘modelling’ tools
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instead of ‘simulation’ tools, i.e. there is only limited to no iteration between the state
variables (such as temperature and pressure) and flow variables (such as mass or
energy flows). This limits there capabilities considering feedback between both types
by means of adapted control algorithms or physics in general.
2.1.2 District energy system models
Parallel to the set of district energy models based on building energy models, several
tools have been presented which focus on the simulation of the district energy system
generally focusing on electricity. Here, the loads are generally generated in prepro-
cessing or obtained from measurements and said to be fixed in all cases whereas no
BES-models are included.
M.Manfren et al. provided a recent extensive review of all model environments focus-
ing on urban energy systems for distributed generation.122 Given the state focus, the
modelling tools of most interest are the commercial HOMER and NEPLAN tools,81;135 the
optimization tool DER-CAM,22;172 and the early precursors deeco and NEMESS.28;67
HOMER and NEPLAN allow assessing the technical feasibility and their topology optimi-
sation of electricity (and district heating) systems. The analyses are based on annual
hourly simulations but restricted to the implementation of rule-based control strategies.
The techno-economic optimization tool DER-CAM has similar capabilities but enables
a time resolution of five minutes. The latter models however all have the same limi-
tations with respect to the stated objectives; All tools require the thermal demand of
buildings as an input whereby exploiting the possibility of the indoor temperature is
not possible, and it is not possible to include different control objectives for individual
loads or as part of distributed energy management algorithms.
Recent developments in modular simulation environments based on the Modelica
Modelling Language are increasingly focussin on the buildings and district energy sys-
tem level. Here, the Buildings and Electrical library developed at Lawrence Berkeley
National Laboratory,27;207 and the AixLib library developed at RWTH Aachen166 are
worth mentioning given their focus on the district level based on whitebox or low-order
component models respectively. The main drawback of such integrated approach is
the upscaling of the computational complexity.
2.1.3 District energy co-simulation environments
A last approach on simulating district energy systems is based on the coupling of dif-
ferent commercial simulators in a single simulation platform. This approach strongly
Stochastic residential occupant behaviour modelling | 11
reduces the modelling effort by reusing established simulation packages, while run-
time and data management become important issues.
The main co-simulators with respect to district energy system simulations are the
general-purpose co-simulator BCVTB for building energy simulation models and the
multi-energy district energy co-simulation frameworks MOSAIK and MESCOS, while
the recent ‘functional mock-up interface’ FMI aims at standardising the interface for
general-purpose co-simulations.132;163;168;169;205 The ‘Building Controls Virtual Test
Bed’ BCVTB is a modular open-source software platform for co-simulation of building
energy simulation tools and building automation systems. The tool has so far only spo-
radically been applied to district energy simulations,4;35 in contrast to specific-purpose
tools MOSAIK and MESCOS which are based on the open-source SimPy and commercial
TISC suite respectively to handle the co-simulation based on their specific APIs.
However, while co-simulation allows extending the capabilities of different domain-
specific simulation tools, a direct implementation of all equations in one simulator
may be favourable for reasons of computing time and ease-of-use. This is particularly
the case if the rate of change in the exchanged data varies significantly during the
simulation; as stated by M.Wetter (2010).205
2.2 Stochastic modelling
of the residential occupant behaviour
The trend towards a combination of reduced building heat losses and decentralized
energy systems implies a necessity for a basic understanding of the building occupants’
behaviour concerning energy consumption. This behaviour of building occupants has
an increasing impact on the energy use for well-insulated dwellings, while the relative
small system scale of interest for decentralized systems results in a less averaging out
of heterogeneous behavioural patterns.49 As such, high-resolution energy models at
the spatial scale of the district as reviewed in the previous section show an increasing
need for related high-resolution occupant behaviour models.
Besides defining general requirements for behavioural modelling as part of energy
simulations, literature on occupant behaviour models generally consist of three distinct
research fields;
– Modelling/foundation of occupancy-related receptacle loads , including the load
for lighting but excluding the loads for heating, ventilation and air conditioning;
– Modelling/foundation of occupancy-related indoor environmental quality mea-
sures, consisting of space heating control and ventilation preferences;
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– Modelling/foundation of domestic hot water tapping.
We will therefore review the state-of-the-art of modelling in all three domains; starting
with the modelling of receptacle loads in Section 2.2.1, followed by the indoor envi-
ronmental quality measures in Section 2.2.2 on page 17 and the modelling of domestic
hot water tapping in in Section 2.2.3 on page 21.
2.2.1 Receptacle loads
Receptacle load profiles (i.e. plug load profiles excluding heating, ventilation and cool-
ing) are an important input for (building and) district energy simulations, as they
form a boundary condition for the overall feeder load when focussing on the building
energy systems and they are a major part of the internal heat gains.
Two different domains can be distinct in research literature on this topic: modelling
of transient receptacle loads due to occupant behaviour, and possible time averaging
effects. As such, before reviewing existing behavioural models we will introduce on
the required detail concerning time and space to eliminate yet a part of literature
which is of little relevance.
Spatio-temporal resolution requirements
Little studies focus on the required spatial and temporal resolution of occupant be-
haviour models, and the related deviations.
Spatial resolution. The spatial resolution is such, that all its interactions on any
process of interest may, in principle, be modelled separately.67
Temporal resolution. All periodic and stochastic temporal fluctuations of all rel-
evant internal and external observables must be known in the form of time series
or probability distributions. They must reflect the important information on auto-
correlations within a single time series to properly model the simultaneity of loads in
different energy vectors, and correlations between different time series.67
Regarding the context of comprehensive district energy simulations, the required oc-
cupant behaviour model should focus on the periodic and stochastic fluctuations of
energy service demands, which occur very fast compared to structural changes of the
energy demand due to changing demographics or consumer behaviour. Therefore,
most models neglect structural changes of occupant behaviour and a timespan Θ of
one year is found appropriate in many cases.
All district energy simulation environments yet presented in literature (as elaborated
in Section 2.1) are expressed in discrete time, denoting that the timespan Θ of a
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simulation is a discretisation tn of continuous time t ∈ [0,Θ] so that tn , τn with
n ∈
{
0, 1, . . . , Θτ
}
. To address synergies between systems, the depicted model resolu-
tion has to cope with the response times of all subsystems and the cross-correlation of
the boundary conditions. The referred simulation environments therefore show a large
variation of temporal resolution τ ranging from minutes to a month; and a spatial
resolution ranging from unit to suburb processes.
Temporal averaging on time series of receptacle load data has a relatively high impact
on the individual residential demand profiles, concealing peak loads by high-frequency
cyclic loads. The impact on the aggregated loads is however less pronounced due to
low factors of simultaneity ks ∈ [.28, .42] denoting the ratio of the peak load to the sum
of load peaks and low load factors floa ∈ [.06, .15] denoting the ratio of the peak load to
the sum of installed loads, which leads to an overall low impact on the probability dis-
tribution of power levels over time.17;213;216 Consequently, the probability distribution
of voltage levels are robust to averaging. When photovoltaic systems are included and
the resulting electric load data are used as input for control mechanisms in low-voltage
grids, time averaging effects can however have significant effects on the control per-
formance due to decreasing ks-values. Here, a temporal resolution of 1 minute (from
this point on abbreviated as τ1′ ) up to τ10′ has shown good adequacy for load data by
Widen et al. and Baetens et al. , whereas τ60′ data gives large discrepancies.15;213
Receptacle load modelling
Many models for generating time series of the residential receptacle loads are de-
scribed in literature, and will be reviewed in this section. The used conceptual mod-
elling approaches will be discussed first, followed by a discussion of the found
parametrizations.
Conceptual approaches. C.Walker developed the earliest bottom-up models for
residential receptacle load time series Pr[n] in 1982 on the concept of availability
functions, proclivity functions and normal-cycles using load monitoring data as a
basis. The availabilities ar[n], defined as200;201
ar,n , p (p (Pr,n 6= 0) 6= 0 | n) : ∀n ∈N (2.1)
express the fraction of people available to the use of electrical equipment in time bin n
in a given area for weekdays and weekends. Subsequently, the proclivities pr[n] denote
pr,n , p (Pr,n 6= 0 | p (Pr,n 6= 0 | n) 6= 0) : ∀n ∈N (2.2)
and are expressed in two types of functions respectively describing the tendency of
using individual pieces of equipment and the tendency to perform activities which
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indirectly affect the use of electrical appliances. Eventually, the normal-cycles identify
appliance switching patterns based on ambient conditions independent of occupant
behaviour. A.Capasso et al. followed this model concept and extended the availability
and proclivity functions in 1993 to a(x)r [n] and p
(x)
r [n] including socio-economic prop-
erties of the individual persons x as a parameter; using time use survey and household
budget survey data as a basis.33;34
A majority of the recent models are founded directly on this early work; A common
approach focuses on modelling p(x)r [n]-functions based on plug load monitoring data,
while an akin approach can be identified focusing on elaborating the concept of a(x)r [n]-
functions based on time use surveys. Both will be discussed.
M.Stokes et al. proposed a three-layer model approach allowing temporal and spatial
diversity.181;182 The first layer generates average profiles P(g)r [n] at τ30′ for a group of
households g based on one-year measured load data of 1200 homes, normalized by
the peak demand. Following, the second layer introduces diversification for a specific
household defining P(h)r [n] as ∑ p
(h)
α [n]P
(g)
α with availabilities p
(h)
α [n] based on the
ownership of appliance α and socio-economic factors of the household h. The final
layer uses this diversification to generate τ1′ time series of each P
(h)
α [n] by triggering
appliance duty cycles on a random basis related to the duration, frequency and timing
of appliance events derived from time use survey data.123 In subsequent work, the
approach of J.Paatero et al. is similar to her first layer, whereas the model concept of
M.Armstrong et al. resembles the final layer.11;139
J.Widén et al. present a model for constructing load profiles based on time use survey
data of 426 individuals in 167 homes.208–212 In a first stage (and similar to J.Tanimoto
et al. ),186;187 the observed occupancy and activity time series for each individual x
are used directly as input data replacing the a(x)r [n]-functions, and load construction
is obtained by connection of appliance loads to the observed activities as done in
the third layer of M.Stokes et al. . Following, a model approach has been developed
for generating longer time series as available in the survey data based on first-order
discrete-time Markov chains, denoting the Markov property of the observable y as
p (yn+τ | y1:n) = p (yn+τ |yn) : ∀τ ∈N : n + τ < N : yt ∈ Ω (2.3)
for which the transition probabilities p(τ)i,j [n] of the Markov chain are defined as
p(τ)i,j,n , p (yn+τ = j | yn = i) : ∀τ ∈N : n + τ < N : i, j, yt ∈ Ω (2.4)
with Ω the set of possible states of y, and yn the state of {yn} at time t = nτ. Hence, the
Markov property denotes that the transition probabilities p(τ)i,j [n] of y are independent
of its previous states. J.Widén’s state space contains nine activity states including the
occupancy states ‘away’ and ‘inactive’, whereby the transition probabilities p(τ)i,j [n] for
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individual persons x describe both the a(x)r [n]- and p
(x)
r [n] functions estimated empiri-
cally from the survey data. This Markov-chain approach is adopted by I.Richardson
et al. for the availability (i.e. occupancy) only with a state space including the number
of occupants based on time use survey data of 11 667 individuals in 6 414 homes,
while using a similar proclivity approach as M.Stokes’ third layer.151–154
This use of first-order discrete-time Markov chains for generating occupancy and/or
activity time series, however, obstructs to correctly model the duration of state in-
variance as one can expect that the Markov property is not valid for time use states
in time series. In an attempt to address this, U.Wilke et al. and D.Aerts et al. define
the transition probabilities p(x)i,j [n] conditional to p
(x)
i,i [n] = 0 and define the timing of
transition based on a survival method.3;214;215
Conceptual exceptions. An exception is often made on the above-stated approaches
for the residential standby loads and indoor lighting loads.
Standby loads P0[n] can be approached in the receptacle load models by including a
load for appliances in the off-state, or a constant load can be superimposed to Pr[n].
Large scale measurement campaigns denote an average standby load P(g)0 of 49 W for
EU-12 countries, but large deviations between .79 P(g)0 and 1.52 P
(g)
0 are found at the
household level.6;54;128;164
While lighting loads Pλ[n] represent a considerable share of the total Pr[n], our use of
lighting differs from general appliances as its proclivity not only depends on the time-
of-day and year, but also on the indoor daylight levels. As such, the lighting loads are
often modelled similar to appliance loads using the outdoor global irradiance E(h)e (t)
as an additional parameter; M.Stokes et al. includes lighting loads based on observed
daylight data E(h)e (t) at τ60′ and measured Pλ[n]-loads, resulting in varied timing
and duration probability distributions.181;182 Subsequently, I.Richardson et al. used
these duration probability distributions as basis for his detailed occupancy-based
lighting model which corrects a(x)r [n] for the shared use of lighting fixtures and p
(x)
r [n]
for E(h)e (t).154;182 The drawback of this model is that it, and similar to appliances,
requires data on each present lighting unit whose estimates are error-prone. J.Widens
et al. therefore attempts to simplify this approach by determining the total lighting
demand based on the accumulated installed power.211
A second approach for including the dependency of Pλ[n] on the indoor daylight
levels includes simulating the effective indoor daylight levels, whereby the switching
behaviour for lighting is seen as indoor environmental quality measures which will
be described in Section 2.2.2.
Model parameterizations. All recent load monitoring based and time use survey
based load models include ‘some’ parametrisation of a(x)r [n], p
(x)
r [n], p
(h)
α [n] and p
(τ)
i,j [n]
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for individuals x of households h if applicable based on expected correlations.
A first elementary differentiation in the above stated occupant behaviour models de-
fines distinct households by their ownership of appliances {α}h for modelling P(h)r [n].
This is generally done based on the average ownership level of appliances at national
level;11;153;220 while some include relationships with the household size,34;181 or the
assumed income for a relevant end-use area.34
A second elementary differentiation can be found in the parametrization of the be-
havioural functions. Here, distinction should be made between the load profile based
and time use survey based models due to their respective (restricted) availability of
data. On the one hand, the dominant method for parametrising load profile based occu-
pant behaviour models is a cluster analysis of the measured Pr[n]-profiles. These gener-
ally results in distinction of the employment types of the household members x, i.e. full-
time employment, part-time employment and being unemployed or retired.1;220 On
the other hand, the same principles as for {α}h are found for parametrising the time
use survey based occupant behaviour models: no real differentiation is generally in-
cluded defining a(x)r [n] and p
(x)
r [n] based on aggregated survey data,11;34;153;220 while
some include relationships with age, income or gender.181. However, as the corre-
lation between age, income or gender and behavioural functions a(x)r [n], p
(x)
r [n] is
weak,114;123;195;221 individual-dependent behaviour or possible sequential activity oc-
currence can not be captured by the cited p(τ)i,j [n] of the first-order Markov chain-based
models, even when parametrised.In an attempt to address these issues, both U.Wilke
et al. and D.Aerts et al. propose to cluster the time use surveys based on their time-
dependent behavioural characteristics before using the data as model input.3;214;215
This results in a non-deterministic parametrization of a(x)r [n] and p
(x)
r [n], again based
on employment types of the household members x as main parameter, i.e. full-time em-
ployment, part-time employment, being unemployed, being retired and school-going.
Recapitulation
This review showed that current occupant behaviour models have advanced methods
for modelling high-resolution receptacle load profiles. However, its parametrisation
required to be representative at household scale is still a challenge.
Comparison of different resolutions shows a preferred temporal resolution for re-
ceptacle load profiles of 10 minutes or lower. The modelling approach to achieve
this strongly depends on the available data on load profiles or time use. If avail-
able, a bottom-up time use survey based model is preferred combined with a non-
deterministic parametrisation based on socio-economic parameters defined by cluster-
ing of the observed time use. As such, it could be combined with the indoor environ-
mental quality measures described in Section 2.2.2.
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2.2.2 Indoor environmental quality measures
In addition to receptacle loads, the thermal loads to provide a good indoor environ-
mental quality form a major part of the load modelling in (building and) district energy
simulations. The interaction between occupants and the respective building systems
may not be handled deterministically, generally requiring the occupant-driven control
of the space heating systems for thermal comfort, the occupant driven control of the
ventilation system and window openings for thermal comfort and indoor air quality,
the control of solar shading devices and light fixtures for (thermal and) visual comfort,
and the tapping profiles of domestic hot water.
In general, data gathering on this topic is expensive whereas the applicability of ex-
isting models is strongly circumstantial, e.g. only ‘local’ literature can be used for
thermostat settings as they are climate and technology related, while the use of ‘time
of day’ as a parameter in models is restricted to the cultural context due of the depicted
research due to difference in time use..
Space heating preferences and control
The household control of the space heating system is one of the most influential
factors for the thermal load profiles in (building and) district energy simulations.
Here, the heated volume and the thermostat settings are of main interest, whereas
the depicted control technology is dealt within the (building and) district energy
simulation itself.141;142
Conceptual approaches. A large majority of the studies originate from exten-
sive surveys and measurement campaigns, e.g. performed for the development of
a quasi-stationary method as demanded for in the Energy Performance of Build-
ings Directive by the European Union. Data gathering on space heating preferences
and control is however expensive, mainly limiting comprehensive data and analy-
sis to the habits in the United Kingdom61;82;84;85;104;138;171;179;204, the habits in the
Netherlands68–70;115;192 and the habits in the Scandinavian countries9;80 among oth-
ers.96;130;148;167;198 M.Shipworth et al. however found little correspondence between
survey-reported set-point temperatures and measured indoor temperatures at the level
of a single household, though the aggregated data in both sources showed similar dis-
tributions allowing both data types to be valid data sources to build models on.171
Focusing on quasi-stationary methods as demanded for in the Energy Performance
of Buildings Directive by the European Union and given the available data, literature
concentrates on statistically quantifying space heating habits as defining the varia-
tion on the effective set point temperatures N (µ(θsh), σ(θsh)) and on the hours of
heating N (µ(nsh), σ(nsh)) based on demography; rather than the development of a
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comprehensive model for building energy simulations. Here, the reported heating
set-point temperatures θsh (in ◦C) for the main living room vary from N (19.0, 3.0) to
N (21.1, 2.5) per survey for a total N (11, 5) heating hours, but has been found inde-
pendent on the building quality nor level of insulation.68–70;84;171
Closest related to and most useful for comprehensive stochastic modelling of the space
heating set-point profiles are the (parametrized) cluster analyses of observed profiles
θ′sh[n]. Based on the Dutch Qualitative Housing Registration related to a population of
15 000 dwellings, K.Leidelmeijer et al. defined seven ‘typical’ behavioural habits on
thermostat settings and on the heated volume.115 Due to correlations between both set
of profiles, over 80 percent of all households fitted in ten behavioural profiles useful
for building energy simulations; ranging from ‘Only the living area and kitchen are
heated, at a normal day temperature (ca.20◦C) and low night temperature (10-12◦C)’
up to ‘All rooms are heated, at a constant high temperature (+21◦C)’. Based on the
Carbon Reduction in Buildings Home Energy Survey related to a population of 427
dwellings, G.Huebner et al. defined four ‘typical’ profiles for the mean building tem-
perature based on a hierarchical cluster analysis of observed comfort; ranging from a
‘two-peak profile with high peak temperature (+21◦C)’ to a ‘flat line at a normal day
temperature (ca.19◦C)’.85 However, all time-dependencies occurring in these clustered
profiles are to be generalized in terms of the potential state space of p(x)[n] if the
behavioural profiles are to be used in combination with aforementioned stochastic
models on occupancy behaviour and receptacle loads .
Model parametrizations. Parametrization of the heating set-point temperatures
θ
(h)
sh [n] for household h in literature is not straight-forward as some models for θsh[n]
are based on observed building temperatures θ′bui which are biased by the thermal
building characteristics.
Making abstraction of the latter building parameters, the main correlations in the above
stated occupant behaviour models for the household set-point preferences θ(h)sh [n] are
found in the household size, age, income and ownership. T.Oreszczyn et al. denote
for a 95 percent confidence interval a (+0.13,+0.90) and (−1.21,−0.37) difference in
the day- and night-zone temperatures (compared to average, in ◦C) respectively if the
oldest habitants tops the age of 60, and a (−1.05,−0.28) and (−0.95,−0.09) difference
if they report any difficulty for paying bills.138 Similarly, M.Santamouris et al. report
a mean set-point θ(h)sh of 17.9
◦C and 18.9◦C for the lowest and highest income groups
respectively1 and a mean 7.1 and 8.5 hours of heating,167 whereas K.Leidelmeijer
et al. states that household with individuals of age 65 or high show an increased share
of 40 to 80 percent heating at an average 22.0◦C or higher compared to the average 20
1The given comparison denotes the group with an income below EUR 13 000 per year and the group with
an income above EUR 100 000 per year.
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percent.115
Space cooling preferences and control
Space cooling is generally avoided as a potential energy system in residential buildings
as the moderate climate of Belgium allows passive solutions to fulfil thermal comfort
in Summer. It will therefore not included in the review, nor in the modelling.
Ventilation by window opening
Several field studies have been conducted on occupant control of natural ventilation
and window opening51;162 and its importance on the system efficiency is recognized
by its wide coverage in Annexes 5, Annex 8 and Annex 2091;165;197 of the Interna-
tional Energy Agency Energy in Buildings and Communities Programme. Although a
majority of these models reflect on offices, some general observations can be stated.
Conceptual approaches. In contrast to the previously cited models on receptacle
load modelling and space heating profile preferences, the time of day is of no impor-
tance for manual opening of windows and many field studies conclude that the indoor
and outdoor temperature are the main driving factors.9;53;74;78;158;159;170;224 The few
models that state a dependency on the time of day are explained by its correlation with
the outdoor temperature.158;159 As such, literature tend to focus on deducing window
state probability functions and less on the development of comprehensive stochastic
models. The latter findings could be biased by the strong focus on offices in literature.
Though, (active) occupancy of the household individuals is however a condicio sine
qua non for manual opening of windows, which is strongly related to the time of day
as described earlier in a(x)[n].
Early comprehensive window opening models of P.Warren et al. (1984)and R.Fritsch
et al. (1990) propose a discrete-time Markov chain depending on the occupancy status
and the outdoor temperature.53;203 The independence on the indoor temperature and
indoor air quality however restricts the validity of these models. As such, recent re-
search focuses on including the indoor environment as driving force. Here, H.Rijal
et al. , G.Yun et al. and F.Haldi et al. propose a similar concept of defining state prob-
abilities pj(t) combining indoor and outdoor temperature, time of day, season, wind
speed and rainfall determined by a multivariate logistic regression of field survey data
in the general form of:8;74;97;158;159;170;222–224
log
(
pj(t)
1− pj(t)
)
∝ a0 + a1cco2 (t) + a2Tdb,i(t) + a3Tdb,e(t) + a4v10(t) + ... (2.5)
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with cco2 the carbon-dioxide concentration, Tdb,i(t) the indoor dry bulb temperature,
Tdb,e(t) the outdoor dry bulb temperature and v10(t) the outdoor wind-speed. To cope
with the large deviations in occupant occupant control of natural ventilation and win-
dow opening, G.Yun et al. introduced an arbitrary distinction between ‘active’ and
‘passive’ users for offices, whereas residentially mainly the ventilation behaviour of
elderly people has shown significant differences with respect to the average69;74;223.
Additional difficulty may be identified in the calculation of the residential ventila-
tion rates resulting from opening windows depending on the momentaneous climate
conditions19;94;111;125.
Lighting and solar shading control
Similar to window openings, solar shading and lighting control is ruled by environ-
mental conditions instead of time of day.
Conceptual approaches. Comprehensive models on solar shading control gen-
erally and lighting relate to offices, and the deterministic Lightswitch-2002 model
of C.Reinhart et al. and the stochastic models of V.Inkarojrit et al. and F.Haldi
et al. use visual comfort or irradiance as main driving force for manipulation of solar
shading and lighting, and exclude thermal comfort as driver.73;74;92;149 The resulting
actions are described as a Markov chain with transition probabilities p(τ)i,j [n] described
in the general form:
p(τ)i,j,n[n] ,
χi,j,n
1+ χi,j,n
s.t. χi,j,n ∝ exp
(
a0 + a1Ein,n + a2E
(h)
e,n + a3Bi,n
)
(2.6)
with Ein the indoor luminance, E
(h)
e the global horizontal irradiation and Bi the cur-
rent state. Limited knowledge on visual comfort and discomfort glare in residential
environments, and the exclusion of indoor temperature in the models however makes
the existing models based on Ein(t) inapplicable in the presented modelling context.2.
To overcome the dependency on Ein(t) and the related requirement to simulate the
indoor luminance, M.Stokes et al. , I.Richardson et al. and J.Widens et al. 154;182;211
developed a lighting load model using the outdoor global irradiance E(h)e (t) only as
part of their receptacle loads models as presented earlier on page 15.
2The proposed modelling environment in Chapter 3 excludes modelling of the indoor luminance. Adding
this extra level of complexity has not been found garantueeing an improvement of the simulated load profiles
due to the required assumptions caused by the use of simplified representative building typologies.
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2.2.3 Domestic hot water tapping
Domestic hot water tapping profiles form a last major part in the stochastic modelling
of occupant behaviour in dwellings.
Conceptual approaches. Majority of the domestic hot water model approaches
are strongly similar to the reviewed models for receptacle loads , as the receptacle
load models of C.Walker and J.Widén et al. yet include a tapping model for geyser
loads.200;201;208–212 Here, C.Walker treats hot water tapping on the same concept
of availability function, proclivity function and normal-cycles using load monitoring
data.200;201 The availabilities express the percentage of people available to the use
of hot water and the proclivity functions describing the tendency to use of hot wa-
ter for hand washing or bathing. Also Widén et al. treats hot water tapping on the
same concept as a discrete-time Markov chain model approach whereby the transition
probabilities a(x)γ [n] for individual persons describe both the availability and proclivity
estimated straightforwardly from time-use survey data.209
A tapping model was developed in Task 26 of the International Energy Agency Solar
Heating and Cooling Programme,98;99 which was adopted in Annex 40 of the Inter-
national Energy Agency Energy in Buildings and Communities Programme.110 Here,
U.Jordan et al. determines four representative load categories based on their mean
flow rates, load duration and number of daily incidences.98;99 Starting from an an-
nual load, all incidences are subsequently distributed among the year by a cumulative
frequency method based on deterministic annual and intra-day probabilities. R.Spur
et al. refined the latter model by determining categories of annual loads as starting
point.178
Model parametrizations. The strong similarity between the approaches in domes-
tic hot water tapping models and the receptacle load models allow a similar model
parametrization; correcting the prerequisite availability functions a(x)γ [n] based on
socio-economic parameters.
2.3 Recapitulation
Within the framework of the overall aim of the presented research and based on the
stated literature review, the main research questions regarding model development for
this study are twofold:
– ‘To set up a simulation environment which enables quantifying the effects of a thermal
building measure on the low-voltage distribution network.’ That is, an environment
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in which thermal and electrical energy flows are simulated at the same time
allowing direct feedback control loops between both if necessary.
– ‘To set up a modelling environment which defines all stochastic boundary conditions
for the stated simulation environment regarding occupant behaviour.’ That is, an en-
vironment in which thermal and electrical human interventions in the overall
technical system are simulated with regard to comfort.
In addition to these general aims, some methodological refinements in both fields are
to made in contrast to the presented state of the art in the context of the district energy
simulations at the spatial scale of the low-voltage distribution network. The latter will
be addressed in the depicted chapters describing the model development.
Chapter 3
Multi-commodity district energy
system simulations
Each sensitivity (or optimization) study in the field of engineering stands with the
appropriate physical representation of the object of study based on the parameters of
interest. The latter consist of the technical information describing the building layouts,
the respective heating and ventilation systems, and the respective electricity systems
at building and feeder level with respect to the stated research questions.
The present chapter starts on elaborating the development of a novel district energy
commodity flow modelling environment entitled the Modelica IDEAS Library (short
for Integrated District Energy Assessment Simulations) in Section 3.2. The tool aims
to integrate the multi-zone thermal building energy simulations and electricity dis-
tribution simulation, and differs herein from existing district energy modelling en-
vironments in its temporal and spatial resolution of the modelled physics.27;206 The
model environment is built on partial differential, ordinary differential and algebraic
equations which are solved simultaneously by a general-purpose differential algebraic
equation solver. Based here-on, the main research questions have been formulated as:
– ‘To describe the physical transient behaviour of a district as a single electro-thermal
energy system representing the building environment,’ and
– ‘To quantify the uncertainty in the state variables caused by numerical approximations
of the physical description.’
The (development of a) simulation environment is however only one part of the de-
scription of the physical system. Following on the description of IDEAS 0.3, we will
elaborate on the declarative description of the simulation models required to give
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an answer to the main research question in Section 3.3, i.e. to estimate externalities
of low-energy dwellings at the low-voltage distribution system. With respect to the
stated research questions, the main research question on the declarative description
closely resembles the definition of building information modelling as:
– ‘To represent the physical and functional characteristics of the built environment and its
energy system at the spatial scale of a low-voltage distribution grid.’
Prior to the description of the developed tool and the assessment of its numerical
approximation, we will elaborate on the tool requirements for assessing district energy
system design.
3.1 Model requirements
for assessing district energy system design
We will start the description of simulation tool requirements from the point of view
of an optimisation problem. The (optimal) design of a building envelope, correspond-
ing heating, ventilation and air-conditioning systems and district electricity feeders
requires the description of the overall system performance by a so-called cost function
or objective function z(x) based on the system description x. The latter might be micro-
or macro-economic depending on the point of interest. The differentiation of actors
with different objectives in a district energy design problem renders the finding that a
single objective function for optimization does no longer suite this occasion, requiring
the introduction of a multi-objective framework to manage more information. Such
multi-criteria design problem can be formally described in the form
min
x∈S
[
z1(x), z2(x), . . . , zp(x)
]
s.t. S ,
{
x ∈ Rn,Nn | li ≤ xi ≤ ui , ∀i ∈ {1, . . . , m}
}
gj(x) ≤ 0 , ∀j ∈ {1, . . . , p}
hj(x) = 0 , ∀j ∈ {1, . . . , q}
(3.1)
where zi(x) is an objective function, where S ∈ Rn is the implicit set of constraints for
the parameter set x defined by their respective infinums li and supremums ui, where
g : Rn → Rm is the given inequality constraint function and where h : Rn → Rj
is the given equality constraint function. Given the nature of the research question,
it is imperative that the effective objective functions zi(x) and respective constraint
functions are defined by
zi(x) , Zi (yt(x, 1)) , ∀i ∈ {1, . . . , n} (3.2)
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where Z : Rm → R is the evaluation of yt(x, 1) ∈ Rm being the state of a dynamic
system with design parameters x defined after predefined time period.
With respect to Equations 3.1 and 3.2, it is the objective of the developed district energy
system simulation platform to describe this system performance measurable for the
definition of a cost function for any vector of design parameters at the spatial scale
of the low-voltage feeder as graphically presented earlier in Figure 3.1. To enable the
simulation of all states yt(x, 1) for the cases related to the stated research questions,
the simulation platform has to fulfil a set of requirements.
On transient simulation of the building energy system. A first major requirement
for integrated district energy simulations is the complete simulation of building en-
ergy systems including the stochastic influence of occupants on the systems. In detail,
it is required to allow simulating the indoor thermal comfort based on a dynamic
thermal building model together with a dynamic representation of the heating and
ventilation system of the building, and its control based on the observed comfort. The
latter means that not only the ‘ideal’ or nominal heating power has to be simulated,
but also the start-up behaviour of the system, the forced shut-down periods based
on the control strategies and the dynamic efficiency of the system components in-
cluding thermal storage. Given the building and system model, stochastic boundary
constraints representing the occupant have to be providable by means of additional
thermal and electrical loads and system control constraints. The implementation of
the building energy system must allow to describe the resulting relation between the
thermal or electric load profile and the comfort desires, and enable the use of addi-
tional information from the energy distribution system in the building energy control
algorithms.
On simulation of the electricity distribution system. Besides the building energy
system, the simulation platform has to include the simulation of the energy distribu-
tion infrastructure. In the present work, the focus lies on the low- to medium-voltage
electricity distribution as graphically shown in Figure 3.1 while an extension to thermal
distribution networks should be taken in consideration. The system implementation
has to provide information of the distribution system such as nodal voltage or infor-
mation of local transformer overload to the building energy control systems which
is influenced by possible distributed photovoltaic generation, electric loads from the
thermal building energy services and distributed storage. Here, knowledge on the
voltage frequency lies outside the scope of the present work.
On simulation of building energy management algorithms. Given the building
energy systems and the energy distribution system, control and energy management
algorithms decentralized at the building system level and centralized at the district
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Figure 3.1: Graphical representation of an example low-voltage distribution island
connecting 85 dwellings by seven radial three-phase feeders to a 10/0.4 kV trans-
former with a nominal capacity of 250 kVA as observed in the available GRBgis and
LVdwg datasets; while the drawn complex roof structures and orientations are visually
retrieved through Google Earth. Additionally, each colour depicts a different three-
phase feeder in the low-voltage distribution grid.
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system level are a necessity for the efficient operation of district energy systems. It
is as such required that the simulation platform enables the representation of such
algorithms with a great flexibility in its architecture, e.g. centralized control algorithms
and decentralized control algorithms as multi-agent systems. This requires data and
information exchange between the different controllers and the models of the physical
components. In the present work, the focus lies strictly on rule-based control between
the different energy vectors, while a model-predictive control should be taken in
consideration requiring a separate iteration in co-simulation environment.
The following section will give a description of the modelling work performed to meet
the above stated set of requirements.
3.2 The IDEAS Library,
a novel district energy system simulation library
To ensure simulations capable of meeting all above stated requirements linking build-
ing energy measures with electricity distribution management, we developed the Mod-
elica IDEAS Library, a transient district energy model environment.
3.2.1 Design decisions
The development of the Modelica IDEAS Library is a joint effort of the KU Leuven
Building Physics Section of the department of civil engineering, the Applied Mechanics
and Energy Conversion Section of the department of mechanical engineering, and the
Electrical Energy and Computer Architectures Section of the department of electrical
engineering. The tool is initiated in 2010 by R.Baetens and R.De Coninck in the
KU Leuven Energy Institute project entitled ‘Optimal Energy Networks for Buildings’
and its development is continued as part of Annex 60 of the International Energy
Agency Energy in Buildings and Communities Programme entitled ‘New generation
computational tools for building and community energy systems based on the Modelica and
Functional Mockup Interface standards’. Here, numerically-sound base classes have been
developed for fluid-based systems as common basis for existing and new Modelica-
based building simulation environments at different research institutes. Given the
notion that the development of the Modelica IDEAS Library is a joint effort, the main
contributions of the author of this work may be found in the initial development,
the climate description, the development of the transient building energy model and
few electrical components together with the overall tool structuring and component
compatibility.
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All simulations performed in this dissertation have been performed based on
IDEAS 0.3 as it can be found on https://github.com/open-ideas based on the Mod-
elica License Version 2. The latter licensing means that the developed models can be
used freely in the original or a modified form, in open source and in commercial envi-
ronments as long as the license conditions at https://www.modelica.org/licenses/
ModelicaLicense2 are fulfilled.
Within the mentioned five years of tool development, a wide range of design deci-
sion have been made and we will document the most important ones in following
paragraphs.
Tool architecture
The presented simulation platforms in the literature review section showed two dis-
tinct approaches, i.e. the development of a single large mono-simulation tool generally
based on models of reduced complexity on the one side, and co-simulation of different
experimental or commercial simulators on the other hand. As the time constants of the
different systems in the proposed aimed simulations vary widely from hours (e.g. the
thermal building response) to seconds (e.g. the thermal response of fluid sensors) and
the related system of differential equations is thus assumed to be stiff, we decided
to develop the proposed integrated district energy simulation platform in a single
environment, i.e. the Modelica IDEAS Library.
As such, the entire model environment IDEAS 0.3 contains about 60 000 lines of code
in the Modelica Language 3.2, which is an object-oriented, equation-based, multi-
domain modelling language for component-oriented modelling of complex systems.
The Modelica IDEAS Library consists of the implementation of all required thermal,
hydraulic and electric physical equations, whereby occupant behaviour and climate
data are required as a pre-processed input. For simulation, the generated model is
compiled to C++ in the commercial Dymola 2015 FD01 environment, where-after all
states yt(x, 1) are solved with a general-purpose ordinary differential or differential
algebraic equation solver as pre-implemented in Dymola.
All component models in the Modelica IDEAS Library are based on the pre-defined
connectors in the Modelica Standard Library for compatibility with existing Modelica-
based models, i.e. Fluid.Interfaces.FluidPort for any fluid transport in the ventila-
tion or heating system, Thermal.HeatTransfer.Interfaces.HeatPort for building and
system heat flows, and Electrical.QuasiStationary.MultiPhase.Interfaces.Plug
for multi-phase electricity systems which each describe conservation of mass and
energy between components and Kirchhoff’s circuit laws. As stated earlier, through
participation in the Annex 60 of the International Energy Agency Energy in Buildings
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and Communities Programme also the Annex60 base classes are adopted for compati-
bility with other Modelica-based building or system energy simulations tools.
To enhance the inter-compatibility of system models developed by different ac-
tors based on the Modelica IDEAS Library, generic partial models are defined in
IDEAS.Interfaces defining the basic parameters and connectors of a transient build-
ing energy model, a hydronic heating system, a ventilation system, the inputs from
externally defined occupants and the connection of a building with an electricity distri-
bution or district heating system. When the partial models are parametrized correctly,
all heating system components are sized according to the European Std. EN 12831
calculation of the building energy and ventilation model.
Physical representations
The review in Section 2.1 on page 7 shows that all major district energy simulation tools
with building energy system models are based on highly simplified transient building
energy models, restricted to its validation at a daily or hourly time resolution. As the
time constants of the start-up behaviour of the space heating system, the forced shut-
down periods based on the control strategies and the dynamic efficiency of the system
components including thermal storage are in the order of magnitude of minutes, we
assumed that only a high-order transient building energy model is able to provide all
required information. Similarly, given the aim of the research questions and denoting
that all control actions for all components in the building heating systems have a
response time in the range of minutes, we assumed that a quasi-stationary power flow
analysis is sufficient to provide all required information.
Both assumptions come with the restriction of an increasing computational effort
required to solve the set of equations during simulation, i.e. the former due to the high
number of states in the building envelope description and the latter due to lack of
transient behaviour (and thus states) in the description of the electric system.
3.2.2 Physical component models
In order to give an impression of the model complexity in the Modelica IDEAS Library,
a brief overview will be presented of the main component models which are used to
construct the district energy simulation models adopted in this work. An elaborate
description of all implemented physical equations as part of the component models
can be found in Appendix A on page 149 and beyond.
The section will be divided in three parts, i.e. the implemented physics of all ther-
mal, hydraulic and electric system components, the used smoothing methods where
applicable, and the description of climate data used to perform all further simulations.
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Physics
The physical implementation of IDEAS 0.3 is structured in separate packages each
describing the climatic conditions, the thermal building response, the hydraulic system
response and the electricity system.
The IDEAS.Climate package contains the models required to define all climatic condi-
tions during the simulations based on a *.tmy3 file format. Additionally, the thermal
radiant temperature of a cloudy sky is computed using the longwave sky model of
M.Martin et al. ,126 while the direct solar irradiation is derived based on the solar
zenith angle on each random surface and the diffuse solar irradiation is computed
with R.Perez’ anisotropic diffuse irradiance model.143
The IDEAS.Buildings package contains the models required to define the thermal
response of a building. Here, the ambient temperature, radiant temperature and the
solar radiation on a surface as defined in IDEAS.Climate determine the radiative and
convective heat exchange with the outer environment for building components. For the
heat transfer within these components, finite element equations are obtained for the
isotropic layers, while shortwave radiation through multi-pane windows is computed
using the specular output of the Window & Daylighting Software WINDOW 7.0 devel-
oped at Lawrence Berkeley National Laboratory.10;52;57 At the inner surface, coupling
to other building components is achieved via longwave radiative heat exchange based
on a radiant star node temperature computed by approximating a wye-delta trans-
formation of the surface-to-surface heat transfer based on the Lambertian geometric
factors, and via convective heat transfer to a zone air node.75 An exception is made for
surfaces in contact to the ground wherefore a transient model is implemented based
on the heat transfer equations in the European Std. ISO 13370.
The IDEAS.Fluid package contains all components of hydronic and hydraulic circuits
for heating and ventilation systems in buildings. These components are compati-
ble through object-inheritance and instantiation with the partial Annex60.Media and
Annex60.Fluid base classes as developed in the Annex 60 of the International Energy
Agency Energy in Buildings and Communities Programme. Given this inheritance, the
models are defined by:
– Annex60.Fluid.Interfaces.ConservationEquation, which defines the conser-
vation equations for mass fractions, trace substances and energy if applicable,
i.e. both steady-state or dynamic as desired in each component.
– Annex60.Fluid.BaseClasses.PartialResistance, which defines the pressure
drop due to friction in the turbulent regime.
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Given these base classes, a dynamic radiator model is implemented using the heat
transfer equations from the European Std. EN 442-2 and a dynamic embedded
pipe model for floor heating and thermally activated building structures is imple-
mented based on the heat transfer equations of M.Koschenz et al. .112 Air- or ground-
coupled heat pumps and gas boilers are modelled with a multivariate performance
map based on state variables, and optionally a set-point for the out-flowing temper-
ature or heating power restricted to the nominal power Q˙0. Distribution is mod-
elled with pumps and fans implying a hydraulic head, mass flow rate or speed-
dependent pressure curve. Control valves are based on the actuator signal con-
trolling the capacity of the valve. Within this work, all simulations are based on
Annex60.Media.Water.Simple modelling water as an incompressible liquid with con-
stant density, specific heat capacity, thermal conductivity and viscosity, and based on
Annex60.Experimental.Media.AirPTDecoupled modelling (unsaturated) moist air us-
ing a gas law in which pressure and temperature are independent, and with constant
specific heat capacity at constant pressure.
The IDEAS.Electric package contains the models required to define all variables in the
electricity systems as described by J.Van Roy et al. (2014).193 Here, alternating currents
in radial electricity distribution networks are described quasi-stationary based on a
three-phase complex phasor representation and the assumption of a fixed frequency.
Voltages and currents are obtained in all nodes and lines based on Kirchoff’s circuit
laws and Joule’s Law for linear conductors.100;109 For local generation, the energy
balance of photovoltaic systems is based on the stated irradiance models, the radiative
and convective heat exchange with the outer environment and W.De Soto et al. ’s
parametrisation of the equivalent electric circuit.41 Two-winding transformers are
described by the standard positive sequence equivalent circuit, and a thermal response
is included based on IEEE Std C57.91.90
As stated, an elaborate description of all implemented physical equations as part of
the component models can be found in Appendix A on page 149 and beyond. The
implementation of the physical equations in the Modelica IDEAS Library is evaluated
in Section 3.2.4.
Smoothing methods
Many of the physical functions use a minimization or maximization between two
variables or terms. As they introduce a non-differential equation, they slow down
the simulation due to the necessary root-finding in the general-purpose ordinary
differential equation solver. As such, a once Lipschitz continuously differentiable ap-
proximation is defined for them in Annex60.Utilities by rewriting them based on a
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once Lipschitz continuously differentiable approximation of a Heavy side function.
Climate description
All simulations are performed for the typical moderate climate of Uccle (Belgium) and
daylight saving time is taken into account. Temperature and irradiance data at τ1 and
τ60 are obtained from the Meteorological database Meteonorm 7.1 in a tmy3 file format
based on weather station data of Uccle (Belgium) at 50◦48.0’ N, 4◦20.0’ E, founded
on the time series measured in the period 2000-2009 for temperatures and 1991-2000
for radiation. The given weather data is interpolated with a continuous derivative for
temperature and linearly for radiation to avoid negative values.
3.2.3 Equation solving
As stated earlier, the Modelica IDEAS Library consists of the implementation of all
required thermal, hydraulic and electric physical equations in Modelica. For simulation,
the generated model is translated to a single set of ordinary differential and algebraic
equations and compiled to C++ in the commercial Dymola 2015 FD01 environment.
Hereafter, all states yt(x, 1) in the set of equations are solved with a general-purpose
ordinary differential or differential algebraic equation solver. In the present work, all
models are simulated with the implicit fifth-order Runge-Kutta method Radau-IIa as
implemented in the simulation program Dymola.71;72
We will recapitulate the operation of Radau-IIa as elaborated by E.Hairer et al. .71;72
Runge-Kutta methods are originally developed to solve systems of ordinary differential
equations of the form y′t = f (t, yt) but are easily adapted to the formal notation
My′t = f (t, yt) with M a constant (possible singular) matrix. The s-stage implicit
Runge-Kutta method formulates the given ordinary differential equation as the non-
linear system gi = y0 + h∑
s
j=1 aij f
(
t0 + cjh, gj
)
st. i = 1, ..., s
y1 = y0 + h∑sj=1 bj f
(
t0 + cjh, gj
) (3.3)
As such, if the dimension of y′t = f (t, yt) is n, then the s-stage method involves a n · s-
dimensional non-linear system for the unknowns g1, ..., gs. The efficient solution of the
stated Equation 3.3 forms the main problem of an implicit Runge-Kutta method. For
a general non-linear differential equation, Newton’s method is applied to the system
of equations, requiring at each iteration the solution of the linear system:
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{
(I − hAJ )∆Zk = −Zk + h (AI) F(ZK)
Zk+1 = Zk + ∆Zk
(3.4)
where A , (aij) is the matrix of the Runge-Kutta coefficients, where Zk , (zk1, ..., zks )T is
the k-th approximation of the solution, where ∆Zk , (∆zk1, ...,∆zks )T are the increments
and where F(ZK) , ( f (t0 + c1h, y0 + zk1, ..., f (t0 + csh, y0 + zks ))T . The stated Newton
iteration in Equation 3.4 is obtained by rephrasing Equation 3.3 with zi , gi − y0 as
variable to reduce the influence of round-off errors, and by replacing all Jacobians J
with a simplified approximation
J , ∂ f
∂t
(t0 + cih, y0 + zi) ' ∂ f∂t (t0, y0) (3.5)
whereby the matrix I − hAJ is the same for all iterations. As such, each iteration
requires s evaluations of a n · s-dimensional linear system and exploiting the special
structure of the stated matrix allows a considerable gain of the numerical work to
solve Equation 3.4 from (3n)3/3 operations down to 5n3/3.25;32
The numerical performance and resulting numerical error of the Radau-IIa solver for
(building and) district energy simulations based on the Modelica IDEAS Library is
evaluated in the following Section 3.2.4 on page 34.
3.2.4 Epistemic uncertainty
of physical and numerical methods in IDEAS
We will now evaluate the implementation of the depicted physical phenomenon and
the used numerical methods for modelling the dynamic processes in IDEAS 0.3-based
building and district energy simulations.
Model verification
The thermal building component models are verified using the BESTEST (short for
‘building energy simulation test and diagnostic method’) method which was developed
in conjunction with Task 8, Task 12 and Task 22 of the International Energy Agency
Solar Heating and Cooling Programme and Annex 21 of the International Energy
Agency Buildings and Communities Programme, and which is later-on ratified in the
American ANSI/ASHRAE Std. 140-2001.13;101;136 The method implies an inter-model
comparison for a set of test cases focusing on peak heating and cooling loads, annual
heating and cooling demands and thermal comfort assessment. Here, the ‘basic test
cases’ in the 600- and 900-series are evaluated in the present work. The results of all
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validations can be found in Appendix B on page 167 and, although no quantitative
benchmarks are given in the test method, the results of the Modelica IDEAS Library
show good agreement with the reference results obtained by different building energy
simulation tools. Considering the 600-series, the range of the relative errors against av-
erage of the tested programs is small and lies generally within (-0.2,0.2) except for the
hourly integrated peak heating load in case 630, where the relative error for IDEAS 0.3
is within (-0.1,0.1). Considering the 900-series, the range of the relative errors against
average of the tested programs much larger in comparison to the light mass cases
and lies generally within (-0.4,0.4) for the heating criteria and within (-0.2,0.2) for the
cooling criteria, whereas the relative error for IDEAS 0.3 is within (-0.2,0) and always
within the stated range of reference results.
Given the limitations of an inter-model comparison and the theoretical nature of
the 600- and 900-series of BESTEST, the thermal building component models are ad-
ditionally verified with the Twin House experiment developed in Annex 58 of the
International Energy Agency Buildings and Communities Programme. The method
implies a comparison of simulated temperature profiles and heating loads obtained
by the multi-zone model with blind measurements of the Twin Houses. The results of
all validations can be found in Appendix B and, although no quantitative benchmarks
are given, the results of the Modelica IDEAS Library show some mild deviations from
the measured profiles denoting normalized root mean square errors within (0.11,0.15)
for the heating loads.
The electricity distribution models are validated by an inter-model comparison with
an implementation of the backward-forward sweep algorithm developed by C.Cheng
et al. and by R.Ciric et al. respectively for three-wire and four-wire power distribu-
tion.36;37 The results for the Modelica IDEAS Library of all validations show good
agreement with relative differences in the order of size of 10-4 in comparison to the
reference results, as presented by J.Van Roy et al. .193
Solver evaluation
As stated earlier, all models are simulated with the fifth-order Runge-Kutta method
Radau-IIa in the commercial Dymola 2015 FD01 simulation environment. Given the
solver and its implementation, the choice of the user-prescribed relative tolerance pa-
rameter and of the result time resolution remains to be set, defining its numerical
performance. As such, the evaluation of numerical solvers is a trade-off between the
required work and the achieved accuracy, and we apply the basic principles as pro-
posed by G.Soderlind et al. for solver testing based on a work-precision diagram.176
To assess the accuracy and given yt, we define the relative global error e
(z)
glo(ε, τ) ∈ R
for a given z as
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e(z)glo(ε, τ, yt) ,
z?(ε, τ, yt)− z0(yt)
z0(yt)
(3.6)
where z?(ε, τ, yt) is the approximate evaluation of the variables yt, where ε is the
user-prescribed relative tolerance parameter, where τ is the specified temporal output
resolution of yt, and where z0(yt) is an ‘exact’ reference solution. The error measure-
ment e(z)glo(ε, τ) ∈ R for a predefined z is as such no warranty for all zi but gives a
strong indication for the overall numerical error of the simulation environment and
its solver.
For evaluation with respect to the Modelica IDEAS Library, z is chosen arbitrarily to
be (a) the annual energy use for space heating of an air-to-water heat pump consid-
ering a simulation at the scale of a single building, and (b) the annual Ohmic losses
in the feeder connected to sixteen residential dwellings considering a neighbourhood
simulation as described in Section 5.3 on page 106 and for which the relative global er-
rors e(z)glo(ε, τ) are presented in Figure 3.2. The simulation model of the single-building
has linear systems of equations of sizes {14, 2, 2, 2, 2, 15, 2, 2, 2, 2, 3, 2} and non-linear
systems of equations of sizes {2} after manipulation. Given the same building model
used n-times in a neighbourhood model connected by a low-voltage feeder, the simu-
lation model has linear systems of equations of sizes [...]n and non-linear systems of
equations of sizes [[...]n, 4n] after manipulation.
The evaluation of the global error eglo(ε, τ) is plotted in relation to the required
computational effort in Figure 3.2 for Radau-IIa with solver tolerance settings ε ∈
{10−3, ..., 10−10}. Here, distinction is made between an effective solver error by defin-
ing the load integration z? as part of the differential algebraic system of equations
on the one side, and a global error including the additional error made by evaluating
data in post-processing on the other side based on a non-equidistant and ten-minute
equidistant grid.∗ The reference value z0 is chosen equal to z? of the Radau-IIa solver
for an ε equal to 10-12 and a load integration as part of the differential algebraic system
of equations. Both the single building heating load and Ohmic feeder losses show
a decreasing global solver error e(z)glo(ε, τ) of magnitude 2.10
-3 for a user-prescribed
relative tolerance parameter τ equal to 10-3 down to magnitude 10-5 for a τ of 10-10.
Here, post-processing based on a non-equidistant grid introduces a small additional
error of half a magnitude while post-processing based on an equidistant grid of ten
minutes shows a constant error of two percent independent of τ. Given this depen-
dency on ε, we conclude that a user-prescribed relative tolerance parameter equal to
10-6 is required for Radau-IIa in all IDEAS 0.3 based simulations to keep the error
below 10-4 or 0.01 percent at all times at building level 10-3 or 0.1 percent at all times
∗Note that, though annotated as an equidistant grid, the resulting outputs are always non-equidistant as
time and state events are included in the output time series.
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Figure 3.2: The resulting computational time and global solver error eglo for Radau IIa
for a building and feeder model (left, mid) with different user-defined solver tolerances
ε ∈ [10−3, 10−10]. Annotated in light blue is the additional error made by evaluating
data in post-processing based on a non-equidistant grid based on the solver steps. The
right graph shows the (in-) efficient upscaling of the solver with increasing model size.
at feeder level, i.e. even after post-processing based on a non-equidistant grid.
The default choice for ε , 10−6 and an non-equidistant grid comes with a moderate
computational cost. For small models at building level, the default choice requires
1.5 times the computation time required to achieve e(z)glo ' 10−3 but only 0.30 times
the computation time required to decrease the global error one order of magnitude
more down to e(z)glo ' 10−5. The computational time of larger models at feeder level
shows to be less sensitive to ε. The default choice requires less than 1.3 times the
computation time to achieve e(z)glo ' 10−3 but still 0.65 times the computation time
required to decrease the global error one order of magnitude more down to e(z)glo '
10−5. This computational cost may be called moderate with respect to the decreasing
solver efficiency when up-scaling the model size. Doubling the model size increases
the computational time by one order of magnitude, as denote in Figure 3.2 by the
computational time of 102 minutes for a feeder of 7 houses, of 103 minutes for a feeder
of 14 houses and of 104 minutes for 28 houses. The observed scaling of Radau-IIa
' n3 where n is the model size is consistent with the reported (3n)3/3 and 5n3/3
computational operations mentioned in literature.31
With respect to the aimed district energy simulations, a general-purpose solver that
scales linear or quadratic instead of cubic might be more favourable for the depicted
mono-simulations despite their possible inefficiency for smaller numerical problems.
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Though, the latter in-efficiency of the Radau-IIa solver for (very) large systems of
equations might be a main motive to switch to a co-simulation approach for future
integrated district energy simulations and developments of the Modelica IDEAS Li-
brary e.g. based on the standardized Functional Mock-up Interface. The large range of
systems time constants in the system of equations might, however, be a burden here.
The latter may be tackled in future work with a quantized state solver which is able
to differentiate its time discretisation depending on the subsystem time constants.
3.3 Spatial variance handling,
a typology-based model implementation in IDEAS
As stated earlier, the (development of a) simulation environment is only one part of
the description of the physical system. We will therefore elaborate to the declarative
description of the simulation models required to give an answer on the main research
question, i.e. to estimate externalities of low-energy dwellings at the low-voltage dis-
tribution system. To be precise, the present work aims at estimating externalities of
low-energy dwellings in a Belgian context in which the organisation of the private
housing market induces a strongly heterogeneous dwelling stock and in which an
heterogeneous urban sprawl originated from a lax regulation of spatial planning.
The resulting complexity of the built environment strongly impedes a correct represen-
tation of the physical and functional characteristics of this built environment and its
energy system at the spatial scale of a low-voltage distribution grid. We therefore aim
within this section to represent systems as graphically shown in Figure 3.1 on page
26 based on the definition of neighbourhood typologies. The latter will be considered
to be representative enough concerning layout and building typologies to give a first
estimate on externalities of the dwellings at the low-voltage feeder.
3.3.1 Data sources for variance handling
To describe an example neighbourhood at the spatial scale of a low-voltage feeder as
graphically shown in Figure 3.1 on page 26, three different data sources need to be
combined. The majority of the used statistics in this work are based on two geographic
databases, i.e. the Flemish Sizeable Reference Record and Eandis’ Low-voltage Chart
(from now on referenced as GRBgis and LVdwg). The GRBgis is a geographical infor-
mation system serving as topological reference for Flanders, containing the outline of
buildings, parcels, roads and their facilities. The LVdwg is a geographical CAD-drawing
provided by the distribution system operation. Both data sources relate to the entire
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Figure 3.3: Trivariate summary of the documented (left) low-voltage distribution is-
lands and (right) low-voltage feeders, denoting the number of detached, semi-detached
and terraced dwellings; resulting in the ‘urban’ and ‘rural’ subgroup population clus-
tering αurb and αrur dominated by a concentration of ‘terraced and semi-detached’ or
‘detached and semi-detached’ dwellings respectively.
region of Flanders and the working area of the distribution system operator respec-
tively, but we restricted their use to the territory of Mechelen, a medium-sized Flemish
city and its districts of approximately 65 km2 and 83 000 inhabitants living in 35 500
households. The drawn complex roof structures and orientations in Figure 3.1 are
visually retrieved through Google Earth.
The quantities of interest in GRBgis is the urban density intertwined by the typical sizes
of and distances between the depicted dwelling types. However, the thermal quality
of the dwellings itself is of little to no interest in the present work, as only the new
buildings will be simulated based on defined thermal design properties as part of a sen-
sitivity study. In the LVdwg, the physical quantities of interest are the inter-connections
of dwellings by low-voltage feeders, which are on their own interconnected with a
medium- to low-voltage transformer.
To grasp the variance in the existing neighbourhoods, 10 960 dwellings connected by
656 low-voltage feeders in 152 distribution islands with a single transformer have
been inventoried and parametrized based on the data available in GRBgis and LVdwg.
Here, the number of three distinct types of dwellings (i.e. detached, semi-detached and
terraced dwellings) have been inventoried in relation to the feeder and distribution
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island properties, i.e. transformer and cable capacities, and distribution and connection
cable lengths. A graphical overview of the main properties is given in Figure 3.3
denoting a scatter-plot of the number of dwellings of each dwelling-type per feeder
and island. Visual inspection of Figure 3.3 teaches us that the spatial planning at the
scale of a low-voltage grid is not very heterogeneous when it is expressed based on
dwelling types. It seems that all feeders are dominated by a concentration of ‘terraced
and semi-detached’ or ‘detached and semi-detached’ dwellings, whereas detached and
terraced houses rarely appear together in the same feeder. The same observations can
be noticed at the scale of the low-voltage distribution island but less pronounced. The
observation of apparent clustering in the inventoried islands renders the conjecture
that:
Conjecture 3.1 The spatial topology of low-voltage distribution feeders can be represented by
two main typologies with respect to the built environment, i.e. a rural and urban type.
The latter conjecture can be found consistent with the observations in R.Baetens
et al. (2013) suggesting two similar clusters based on the simulation results of 377
dwellings connected by 21 low-voltage feeders in 7 distribution islands with a single
transformer.16
A cluster analysis is applied to the inventoried dataset to support this conjecture, i.e. a
k-means clustering which aims to partition n observations (x1, ..., xn) in k ≤ n clusters
A , {α1, ..., αk} by minimizing the sum of squares in each cluster, i.e.
min
A
k
∑
i=1
∑
x∈αi
‖x− µi‖2 (3.7)
where µi is the mean of all points in αi. The above stated equation is generally solved
by ‘Lloyd’s algorithm’ for principle component analysis.119 The result of clustering for
k = 2 is presented in Figure 3.3 and confirms the conjecture of an ‘urban’ cluster αurb
dominated by a concentration of ‘terraced and semi-detached’ dwellings and a ‘rural’
cluster αrur dominated by a concentration of ‘detached and semi-detached’ dwellings.
This distinction will be exploited in the definition of representative neighbourhood
types.
3.3.2 Neighbourhood typologies
Given Conjecture 3.1, we aim to make two district energy types representing a rural
and urban low-voltage distribution island. In order to define all parameters required
to describe a neighbourhood as graphically shown in Figure 3.1 on page 26, the above
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Figure 3.4: Empirical cumulative distribution functions (ecdf) of the number of low-
voltage feeders (left) per distribution island, and the number of dwellings per distri-
bution island (mid) and feeder (right) for the rural αrur and urban αurb subgroup of
the documented geographical data.
stated inventoried neighbourhoods will be further explored on their feeder and island
size, and the rated nominal capacities of the present lines and transformers.
Figure 3.4 shows the empirical cumulative distribution functions for the rural αrur
and urban αurb subgroup of the documented geographical data of the number of
low-voltage feeders (left) per distribution island, and the number of dwellings per
distribution island and feeder (mid,right). Considering the p.10 and p.90 quantiles, we
may observe that:
– A majority of the rural low-voltage distribution island counts 18 to 103 detached
and semi-detached dwellings with an average of 62, whereas the urban distri-
bution islands count 15 to 144 semi-detached and terraced dwellings with an
average of 80. As such, the urban cluster counts 6204 dwellings in contrast to
the 4751 in rural cluster although αurb and αrur of the inventoried data count the
same amount of distribution islands.
– A majority of the rural low-voltage distribution islands count 2 to 5 feeders with
a mean of 3.7, whereas the urban distribution islands count 2 to 7 feeders with
a mean of 4.6. As such, the (on average) higher number of feeders connected
to a single mid- to low-voltage transformer explains to a great extent the larger
distribution islands in terraced-house dominated neighbourhoods compared to
detached-house dominated islands.
– A majority of the rural low-voltage distribution feeders counts 6 to 28 detached
and semi-detached dwellings with an average of 16, whereas the urban distribu-
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tion feeders count 6 to 32 semi-detached and terraced dwellings with an average
of 17.
Despite the large diversity in the observed topologies of residential low-voltage distri-
bution islands and the related spread in simulations results as observed in R.Baetens
et al. (2013),16 we attempt to make typologies that reflect the main above-stated prop-
erties or observations, without stating that their representativeness is absolute.
Topology of the distribution island typologies
We start by describing the topology of the ‘rural’ and ‘urban’ distribution island
typologies independent of the detailed description of the dwellings itself, i.e. restricted
to ‘detached’, ‘semi-detached’ and ‘terraced’ as main distinction in the building stock.
Topology description. Defining the topology of the distribution island typologies
starts by determining the number of feeders, followed by the topology of each feeder
and the physical properties of the related energy system components.
Given the empirical distribution function as shown in Figure 3.4 (left), we decided to
appoint 4 feeders to the rural distribution island and 5 feeders to the urban island.
All feeders are radially connected to a single medium- to low-voltage transformer,
and both number of feeders correspond to the average found values rounded to their
nearest integer.
The number of dwellings present in each of the stated feeders is defined by means
of a systematic sampling of the empirical distribution functions as shown in Figure
3.4 (mid,right) for αrur and αurb. As such, the feeders A to D of the rural type count
[13, 7, 27, 17] dwellings respectively, denoting a total of 64 dwellings reflecting p.61of the
empirical distribution function and lying close enough to the average 62. The feeders
A to E of the urban type count [20, 32, 6, 16, 11] dwellings respectively, denoting a total
of 85 dwellings reflecting p.61of the empirical distribution function and lying close
enough to the average 80.
To construct the topology of two representative types and as graphically shown in
Figure 3.5, nine existing feeders have been extracted from the inventoried αrur and
αurb which meet the above stated numbers. As such, the ‘randomness’ of all cable
lengths and sequence of building types can be captured in a realistic way. Figure 3.5
illustrates very well the large difference between the rural and urban feeder originating
from the spatial planning. While the urban distribution islands connect thirty percent
more dwellings, its system is closely compacted in comparison to the much longer
cable lengths in the rural type both between buildings and between the buildings and
the feeder.
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Figure 3.5: Graphical representation of the (upper) rural low-voltage distribution is-
land connecting 64 dwellings in four radial feeders to a 10/0.4 kV transformer and
the (lower) urban low-voltage distribution island connecting 85 dwellings in five ra-
dial feeders to a similar transformer. The indicated transformer capacities and cable
sections denote the properties for the ‘strong’ version, whereas the coloured dwellings
indicate the participating dwellings for a degree of implementation of 20, 40 and 60
percent respectively.
Parametrization. Defining the topology of the two types is a first step in the com-
plete description of the representative neighbourhoods. Regarding the distribution
islands, the physical properties of the transformer and cables have to be determined.
Here, options are limited to the generally available technical components for electricity
distribution, i.e. 10/0.4 kV transformers with a rated capacity of 100, 160, 250, 400, 630
or 800 kVA and distribution cables with a section of 16, 25, 35, 50, 70, 95, 120 or 150
mm2 of aluminium per phase. To define the rated transformer capacities, Figure 3.6
repeats the empirical cumulative distribution functions of the number of dwellings per
distribution island as shown in Figure 3.4 divided based on the main occurring trans-
former capacities in αrur and αurb. Here, the chosen rural island size of 64 dwellings
reflects p.66 and p.57 for the empirical cumulative distribution functions of 160 and
250 kVA connected distribution islands respectively, whereas the chosen urban island
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Figure 3.6: Empirical cumulative distribution function (left) of the number of low-
voltage feeders per distribution island, and (center, right) segregated ecdfs of the
distribution island sizes for the typical MV/LV-transformer capacities of 160, 250 and
400 kVA.
size of 85 dwellings reflects p.62 and p.54 for the empirical cumulative distribution
functions of 250 and 400 kVA connected distribution islands respectively. Despite the
visual observation in Figure 3.6 that ‘on average’ smaller islands are linked to a trans-
former with a lower capacity, these deciles do not differ significantly from the p.61
percentile of both sizes in the aggregated distribution functions. As such, both rated
capacities seem equally viable for the two types respectively. Defining the cable sec-
tions to a single choice has been found even more difficult, as no pattern can be found
in the used sections related to the clusters α or any other feeder property, despite the
observation that the 16 and 25 mm2 sections are not used in feeders, and that new
feeders by default are equipped with 150 mm2 aluminium per phase.
To overcome the unclear patterns related to the rated line and transformer capacities
despite their great importance in the results of district energy simulations (and thus
strongly influencing the results if a single typology is used), three variants of the rural
and urban type will be proposed and used in this work, i.e. a ‘strong’, ‘moderate’ and
‘weak’ variant. An overview of the main physical properties for the resulting six cases
is given in Table 3.1.
Representative dwelling types
Given the definition of the rural and urban neighbourhood typology, the description of
the dwellings remains to be defined to allow an integrated district energy simulation
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Table 3.1: Main properties of the transformer and feeder cables for the strong, moderate
and weak variant of the rural and urban type.
Type Version Ptra,0 Feeder A Feeder B Feeder C Feeder D Feeder E
Strong 250 kVA exavb 4g120 exavb 4g70 exavb 4g120 exavb 4g120 –
Rural Moderate 250 kVA exavb 4g95 exavb 4g50 exavb 4g95 exavb 4g95 –
Weak 160 kVA exavb 4g70 exavb 4g35 exavb 4g70 exavb 4g70 –
Strong 400 kVA exavb 4g150 exavb 4g150 exavb 4g95 exavb 4g150 exavb 4g95
Urban Moderate 400 kVA exavb 4g120 exavb 4g120 exavb 4g70 exavb 4g120 exavb 4g70
Weak 250 kVA exavb 4g95 exavb 4g95 exavb 4g50 exavb 4g95 exavb 4g50
Table 3.2: Main properties of the three dwelling types denoting their compactness C
(m), volume Vair (m3), exterior wall and roof area Aext (m2), window area Awin (m2),
slab-on-ground area A f lo (m2) and heated floor area Ahea (m2).
Type C Vair Aext Awin A f lo Ahea
Detached dwelling typology 1.36 m 741.4 m3 352.0 m2 63.0 m2 131.9 m2 263.8 m2
Semi-detached dwelling typology 1.61 m 642.7 m3 253.0 m2 47.2 m2 98.0 m2 196.0 m2
Terraced dwelling typology 3.09 m 549.8 m3 152.0 m2 35.9 m2 59.2 m2 118.4 m2
at the spatial scale of a low-voltage distribution island.
Description. The description of dwellings (or buildings in general) in similar stud-
ies is generally tackled by the definition of building typologies as part of bottom-up
engineering residential stock models.103 For the context of the Belgian building stock,
numerous research institutes such as KU Leuven, Vito, ULg and UCL among oth-
ers developed such bottom-up engineering residential stock models based on related
dwelling typologies for a variety of purposes.5;38;60;77;108;174 However, recent compar-
ison of the two main stock models by C.Protopapadaki et al. presented differences
of 65 to 86 percent regarding their annual heat demand and of 86 percent regarding
aggregated peak loads.147 Although calibration with measurements allows reducing
these differences to 19 and 26 percent respectively, the comparison gives a clear indi-
cation on the (lack of) reliability of the existing building stock models due to a lack
of comprehensive data on the building stock and related energy measurements for
validation. Given this lack of proven validity, three generic dwelling types are defined
closely resembling the post-2012 detached, semi-detached and terraced dwelling ty-
pologies of the TABULA project.38 An overview of the main properties is given in
Table 3.2 for the three dwelling types.
The location of each of these dwelling types in the rural and urban neighbourhoods is
indicated in Figure 3.5.
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Parametrization. Similar to the district system, defining the topology of the three
types is a first step in the complete description of the built environment. Regarding
the dwellings, the physical properties of the building envelope components, the ven-
tilation system and the system for space heating and domestic hot water need to be
determined to perform integrated district energy simulations.
With respect to the stated research question, we do not predefine these required pa-
rameters but use them as part of a sensitivity study of the dwelling externalities at the
low-voltage distribution grid in Section 5.2 on page 100 and beyond.
3.3.3 System implementation scenarios
To finalise the complete declarative description of the simulation models required
to give an answer to the main research question, we define the share of low-energy
dwellings in the building stock at the spatial scale of the low-voltage distribution grid
for which we evaluate the stated questions.
Given the uncertainty in future policy targets and (related) technology developments,
we arbitrarily render the conjecture that:
Conjecture 3.2 The impact of heat pump based dwellings at the low-voltage distribution
grid can be evaluated based on three arbitrary degrees of implementation below which the
distribution system operation will remain unaffected, i.e. 20, 40 and 60 percent.
The stated conjecture contains two main statements, i.e. the assumed degrees of im-
plementation (denoting the ratio of dwellings which will be equipped with a certain
building design option) and the assumption that distribution system operation will
remain unaffected at these rates. Despite their arbitrariness, we shortly elaborate on
both to frame the context.
Three European associations recently presented scenarios on the evolution of the built
environment which are applicable to the Belgian context, i.e. the European Heat Pump
Association, the European Insulation Manufacturers Association and the Buildings
Performance Institute Europe.23;24 The general trend in these scenarios can be sum-
marized as:
– A reference scenario of shallow renovation, depicting a retrofit rate of 3.0 percent
per year with an average retrofit standard and a low contribution of renewable
energy.
– A target scenario of shallow renovation with renewable energy focus, depicting
a retrofit rate of 2.3 percent per year with an average retrofit standard and a high
contribution of renewable energy, i.e. future heating systems for retrofits show
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80 percent air-water or ground-water heat pumps, heat recovery and 80 percent
solar thermal systems.
– A target scenario of deep renovation, depicting a retrofit rate of 2.3 percent per
year with an ambitious retrofit standard and a high contribution of renewable
energy, i.e. future heating systems for retrofits show 70 percent air-water or
ground-water heat pumps, heat recovery and 35 percent solar thermal systems.
It is important to note that all three scenarios are noted to be accompanied by market
failures, i.e. the implemented solutions are not Pareto optimal, and to be combined
with a 1.0 percent per year new building rate and a 0.1 percent per year demolition
rate.† Extrapolation of the optimistic implementation rate scenarios results in degrees
of implementation in the order of size of 60 percent by the year (2045 to) 2060. As
such, given the uncertainty on the annual rates and the long term required to reach
these degrees of implementation, it is the author’s opinion that the stated degrees of
implementation of 20, 40 and 60 percent are a fair hypothesis.
The location of each of these dwellings implemented by one of the foreseen measures
in the sensitivity study in Section 5.2 is indicated in Figure 3.5 on page 42 for the rural
and urban neighbourhood.
Despite the high degree of implementation up to 60 percent, we will assume that the
distribution system operation will remain unaffected at these rates. That is, the control
of the dwelling thermal system for space heating and domestic hot water is assumed to
be independent of possible distribution system state signals or of price signals aimed
to solve problems within the same distribution grid. As such, the externalities of the
implementation of low-energy buildings can be correctly estimated in a business-as-
usual scenario of passive implementation and the possible need for changes in the
distribution system operation can be identified.
3.4 Recapitulation,
on integrated district energy system simulations
Within this chapter, an elaborate description of the developed simulation platform for
district energy system in the built environment is given and district energy typologies
are developed at the spatial scale of a low-voltage distribution grid to enable sensitivity
studies.
†We must state that the mentioned implementations rates are average rates at the scale of a country which
are not necessarily applicable at the scale of a city, district or neighbourhood at which a local concentration of
systems may occur.
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The developed Modelica IDEAS Library integrates the transient simulation of the build-
ing energy system, the quasi-stationary simulation of the electricity distribution system
in-between, and the simulation of the building energy management algorithms. The
main improvements achieved in IDEAS 0.3 are the integration of electricity distribu-
tion in transient building energy modelling, and combining all different commodities
and systems in a single model at a high temporal resolution, which improves the repre-
sentation of their switching behaviour. The resulting simulation platform has been set
publicly available at https://github.com/open-ideas based on the Modelica License
Version 2 and is based on the base classes of Annex 60 of the International Energy
Agency Energy in Buildings and Communities Programme for which the Modelica
IDEAS Library contributed to its development. The resulting outcome of the Modelica
IDEAS Library is as far as possible verified with known standards and measurements
indicating its fit for purpose, and we quantified the epistemic uncertainty caused by
the numerical approximations of the differential algebraic equation solver used in
Dymola.
Following on the description of IDEAS 0.3, we elaborate on the declarative description
of the simulation models required to give an answer on the main research question
in Section 3.3, i.e. to estimate externalities of low-energy dwellings at the low-voltage
distribution system. With respect to the stated research questions, two representative
residential neighbourhood typologies are developed and parametrised based on the
available data in the Flemish Sizeable Reference Record, Eandis’ Low-voltage Chart
and existing building stock models.
The developed simulation environment and neighbourhood typologies form the basis
for all work in the upcoming chapters.

Chapter 4
Stochastic boundary conditions
in the pervasive space
Given a defined design, climatic conditions and the pervasive system form one of the
main diversifications in occurring system states. Here, the pervasive system is charac-
terized by the intense physical and informational interaction between the occupants
and the built environment. The latter consists of the technical information describing
the building layouts, the respective thermal systems and respective electric systems on
the one hand, and of the social information describing the household’s appliance own-
ership, their respective appliance use and their respective thermal comfort measures
on the other hand, including potential correlations between both.
Given the description of the physical system in the previous Chapter 3 on page 23, the
present chapter focuses entirely on the model description of this pervasive space with
respect to the required temporal and spatial resolution in the context of predictively
assessing a residential built environment evolving to the sub-system of a smart grid
environment. The implementation of all pervasive space modelling is based on a re-
lated work review, and proper research work where solving dis-complementaries and
gaps in and between the reviewed research fields is required. Therefore, the present
work started with an extensive literature review on the research fields of interest in
Section 2.2 on page 11, for which the structure of the review and described models
not necessarily reflect the adopted model structure. Based here-on, the main research
questions have been formulated as:
– the description of the stochastic nature of residential occupant behaviour with
respect to building and district energy systems,
– the evaluation of the necessary time resolution for the stochastic description
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with respect to the Modelica IDEAS Library, and
– the quantification of the resulting uncertainty in the state variables and objective
functions caused by the stochastic residential occupant behaviour.
Prior to the modelling of the stochastic nature of occupant behaviour, we state all
assumptions shared by two or more of the related sub-systems, e.g. together with the
spatial mapping and climate description.
We make the following assumption:
Conjecture 4.1 We assume that the pervasive system is spatially homogeneous with respect
to the national demography, and that its ownership description is independent of demography.
The former means that ‘people living in a single neighbourhood do not predominantly
tend to fall in one or two consumer types’, and that household appliance ownerships,
demography and dwelling type can described independently of each other.
Studies of the Flemish Research Institute for Work and Society found no statistical
significant relation between the qualitative description of the building stock, and the
social profile of the owners living in it.2;194 These findings seem to permit the stated
assumption but conflict to system measurements in literature: Gardiner et al. (1994)
state that load profiles found at individual-house level were also apparent at the
feeder-transformer level, denoting that people living in a single neighbourhood pre-
dominantly tend to fall in one or two consumer ‘types’.58;59 No quantitative data are
however given, and the statement is not confirmed in other literature. Although the
assumption of societal homogeneity is made in most behavioural energy models, it
will introduce a regression toward the mean as will be demonstrated later in Section
4.2 on page 66.
A similar assumption of homogeneity is stated for the climate conditions:
Conjecture 4.2 We assume that the technical and pervasive systems are spatially homoge-
neous with respect to the weather.
Thus meaning that system interactions on environmental data do not depend on the
location within the system. Defining the climatic homogeneity allows the definition
of a single set of climate conditions required for the simulation, whereas the location
of systems with respect to the sky does not need to be specified. The latter, however,
does not mean that the description of the sub-systems is independent of the climate
conditions, e.g. as required for the lighting loads. The stated assumption may introduce
an overestimation of the simultaneity ks of climate-induced loads, e.g. on the lighting
load Pλ or photovoltaic output Ppv on cloudy days. The true spatial inhomogeneity
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can however not be modelled due to a lack of data, but its effect is assumed to be
‘negligible’ due to the small spatial scale of interest in the research.
Given these assumptions, the effective implementation of the stochastic nature of
occupant behaviour is described in the following Section 4.1, the impact of model
assumptions is elaborated in the context of integrated district energy simulations in
Section 4.2 on page 66 and the resulting uncertainty when introduced as boundary
condition to the Modelica IDEAS Library is quantified in Section 4.3 on page 78.
4.1 The StROBe Package,
a residential human behaviour model
As stated, the pervasive system describing the occupant behaviour in space and time
intervening the building and district energy system is one of the main spatio-temporal
boundary conditions for district energy simulations. Its model development is a re-
search question on his own and is therefore elaborated. The review of related literature
as written in Section 2.2 on page 11 allows us drawing the first methodology outlines
for a correct representation and modelling of the pervasive system in residential dis-
trict energy simulations based on the Modelica IDEAS Library:
– Demographic and socio-economic survey data are used in preference of load
data, as it allows cross-sectional and longitudinal analyses of behavioural as-
pects, i.e. studying variances between individuals or households with the same
or differing characteristics respectively.
– A bottom-up model using occupancies and activities of the household individu-
als as prerequisites for modelling the heating settings, plug loads, internal heat
gains and domestic hot water tapping time series is preferred.
Additionally, though not indisputably proven in latest model developments regarding
occupant behaviour, it is the author’s opinion that:
– Clustering and survival analysis are preferably combined for modelling the
variables which’ state values duration sequences influence most the system
efficiencies.
– The manual control of window opening and solar shading control for guaran-
teeing thermal comfort in a residential environment is expected to be replaced
by a building energy management system in low-energy dwellings.
– First-order Markov chains are preferably used for modelling the variables which’
duration sequences have little influence on system efficiencies.
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– A time resolution of ten minutes is recommended, as will be re-confirmed.
Remarkably, the earliest model of Walker (1982) yet includes the majority of the
quoted preferred principles, of which many of them were abandoned in successive
research.200 We adopt his model philosophy, updated with the latest developments
and available data. As such, the Python StROBe Package (short for ‘Stochastic Res-
idential Occupant Behaviour’) is developed as a modular framework in the Python
Programming Language 2.7 and describes the pervasive space for residential (building
and) district energy simulations based on the cited related work and national surveys.
An overview of StROBe is given in Figure 4.1 on page 53. In a first stage, available sur-
vey data is clustered and used for household composition. Following, the household
proclivities are determined, and occupancy and activity chains are generated based
on survival models. In a third and last stage, the effective pervasive space concerning
receptacle loads, thermostat settings and domestic hot water tapping is modelled.
Beside Assumptions 4.1 and 4.2 as stated on page 50, following additional assumptions
are made to allow proper modelling of the system:
Conjecture 4.3 We assume that structural demographic changes can be neglected during a
single simulation.
Conjecture 4.4 We assume that households behave independently of each other, and indepen-
dently of the building and district energy systems’ state.
Both assumptions arise from the functional requirements which can be deduced from
the research questions stated in Section 1.2 on page 3.
The stated research question is generally addressed by performing energy simulations
representing the duration of one year. The structural changes of the pervasive
system in such a period are rather small, and negligible for determining the objective
functions as premised in Assumption 4.3. The changes in a long-term perspective
are more pronounced, e.g. the evolution to more energy efficient appliances up to
changing demographics in time.
Keeping the pervasive system independent of environmental factors such as system
states and price signals could be seen experienced as a doubtful assumption, as it is
one of the main topics in the domain of behavioural economics. This however does
not mean there can not be any feedback from the environmental variables to the
variables usually controlled by the pervasive system, e.g. the space heating settings,
but it states that this feedback is defined by technology only.
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Figure 4.1: General overview of the implemented approach in StROBe. The framework
is found on the stochastic determination of occupancy profiles and activity probabil-
ities as prerequisites; based on the clustered time use survey data. Given these, the
profiles for the receptacle load of appliances and lighting, for the hot water tappings,
the internal heat gains, and the space heating set points are determined as input for
district energy simulations in IDEAS.
4.1.1 Subspace clustering
The majority of the used statistics in this work is based on two surveys, i.e. the decen-
nial Belgian Time-Use Survey and Household Budget Survey (from now on referenced
as BeTUS’05 and BeHBS’05) collected in 2005 by the Directorate-general Statistics and
Economic Information.64–66;79 The BeTUS’05 and BeHBS’05 datasets relate to a pop-
ulation of 6400 individuals from 3474 households, who completed questionnaires
describing the chronological course of activities in their diaries in 10 min increments
throughout 24 hours, starting and ending at 4:00 AM. These activities are assigned
from an extensive list of 272 different activity types.
The physical quantities of interest in BeTUS’05 are the probabilities to perform dif-
ferent activities during the day, and the possible cross-correlations with all in-depth
demographic parameters in the surveys. At the resolution of the individual, observed
occupancy chains and activity chains are respectively characterised by the discrete-
time data series o′(x)[n] and a′(x)[n] of the individual x over time bins n. Here, three
possible occupancy states Ωo are determined for each time step similar to Widen et al. ,
i.e. being ‘awake at home’, being ‘asleep at home’, and being ‘absent’.211
As depicted by Wilke et al. and Aerts et al. , subgroup population clustering is re-
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Table 4.1: BeTUS’05 coverage of individual employment types for all partitions β j
if applied for weekdays, representing household members behaving according to a
typical occupancy profile j .a
β1 β2 β3 β4 β5 β6 β7
Full-time employment 0.657 0.413 0.323 0.177 0.142 0.138 0.158 0.294
Part-time employment .085 .130 .097 .098 .066 .107 .084 .079
Being idle, i.e. retired or unemployed .067 .150 .368 .599 .642 .679 .712 .296
Minor .192 .308 .213 .084 .194 .076 .046 .145
aThe bold coverages denote an over-representation in β j in comparison to the overall population, as such
being dominated by these clusters.
quired for model validity allocated at the single building scale.3;215
In order to predict occupancy and activity chains so that individual behaviour or pos-
sible sequential activity occurrence can be captured, the aggregated BeTUS’05 data is
clustered by Aerts et al. by means of agglomerative hierarchical clustering C( · ) based
on the Levenshtein distance as metric between all observed occupancy state sequences
o′(x)[n] .3;117 As a result, BeTUS’05 is clustered in seven partitions β j
{β j}1:7 , Clev
({
o′(x)[n]
}
s
)
: BeTUS’05 (4.1)
with β j ⊆ BeTUS’05 and a double cost for substitution of o′(x)n in the used Levenshtein
distance.
Each partition β j represents household members behaving according to a typical
occupancy profile j, e.g. partition β1 covers the individuals in BeTUS’05 with a typical
occupancy behaviour of a full-time employed person getting up early at 6 am to leave
for work before 7 am, and arriving in the evening around 7 pm before going to sleep
around midnight. All partitions together cover 81.4 percent of the original dataset for
weekdays, 76.6 percent for Saturdays and 80.0 percent for Sundays as shown in Table
4.1.
4.1.2 Household composition & cluster allocation
The details on the household composition must be determined before generating the
household behavioural variables for building and district energy simulations. With
respect to StROBe, it is required to know how many people live in the dwelling, to
which cluster β j they can be allocated, and which appliances α they own.
The household composition is determined based on the compositions found in
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BeTUS’05, i.e. for each of the households generated, a random household composition
is taken from the BeTUS’05 database. To allow appointing one of the determined clus-
ters to the individuals, this household composition is determined by the professional
life stages of the individuals who are part of it. Therefore, distinction is made between
‘minors’, ‘full-time’ employed individuals, ‘part-time’ employed individuals and in-
dividuals being ‘idle’. The latter is later on divided into ‘unemployed’ and ‘retired’
individuals as will be required for determining thermostat settings. As such, the house-
hold is at this point determined as e.g. {‘full-time’, ‘unemployed’, ‘minor’}. Given these
professional life stages of the individuals, each individual is allocated to a cluster β j
based on the known representations of a certain employment as shown in Table 4.1 on
page 54. As such, the household is at this point determined as e.g. {β1, β6, β2}.
The owned appliances are determined based on the ownerships found in BeHBS’05,
i.e. for each of the households generated, the ownership of all given appliances is
evaluated for the observed probabilities.
4.1.3 Occupancy and activity prerequisites
Based on the clustered datasets, the occupancy chains and the activities of all house-
hold members will be modelled as a common prerequisite for the modelling of the
variables with physical impact, i.e. receptacle loads, heat gains, setting temperatures
and hot water redraws. This improves their resulting auto- and cross-correlations.
Member occupancy
The occupancy o(x)[n] of each household member x is explicitly modelled as a common
prerequisite for the physical behavioural variables. The generation of the behavioural
profile assumes members to behave independently of each other ∗ and consists of three
steps, i.e. defining the start state, and successively evaluating a ‘survival time density’
and an ‘event density’ to determine the time n at which the next event will take place
and to which state the occupancy will change. As such, the resulting occupancy chain
o(x)[n] can be described as
o(x)[n] =
{(
o(x)n0 , l1
)
,
(
o(x)n0+l1 , l2
)
, . . . ,
(
o(x)N
)}
(4.2)
∗Independent behaviour is an assumption made in the majority of data-driven behavioural research,
although correlated behaviour can be suspected. 151;187;212 The use of clusters slightly improves the current
approaches, while combining individual probabilities with household proclivities is an active research domain
which might improve the generation of o(x) [n] in the near future. 3;215
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where o(x)n ∈ Ωo is the occupancy state of individual x at time n, Ωo is the occupancy
state space as defined in Section 4.1.1 on page 53, and ln is the survival time for which
the state o(x)n remains equal to its previous value o
(x)
n−1.
The conditional occupancy state o(x)n0 at time n0 is directly determined for each x as
o(x)n0 = X
(
Π
(
{o′(x′)n0 }(β
(x))
))
: x ∝ β(x) ⊆ BeTUS’05 (4.3)
where {o′(x)n0 }(β
(x)) is the set of observed occupancy states at n0 in β(x) ⊆ BeTUS’05
to which the individual x was allocated, Π( · ) describes the distribution of the given
variable and X( · ) denotes a random value from the given distribution function. As
n0 equals 4:00 AM in the BeTUS’05 surveys, the StROBe algorithm starts at 4:00 AM
on day ‘-1’ and the first generated hours are deleted so that the generated profile o(x)n
starts at midnight.
Once o(x)n0 is defined, the stochastic process is ruled by a heterogeneous discrete-time
Markov chain with alternate transitions in the state space and in time space. These
transitions are determined by an ‘event density’ and a ‘survival time density’ respec-
tively as described by D.Aerts.2 We can formally define both concepts as follows:
Definition 4.1 Let Ωo be the occupancy state space and let o
(x)
n be the occupancy state of x
at time n. We define the ‘event density’ which (Ω, n) 7→ Ω at time n as
O(x)n , Π
(
o(x)n | o(x)n−1, n
)
: ∀n ∈N, ∀o(x)n ∈ Ωo\o(x)n−1 (4.4)
whose image O(x)n is a complete description of the cumulative distribution function of o
(x)
n
conditional to o(x)n−1, and the presupposition that an event occurs at time n, i.e. o
(x)
n 6= o(x)n−1.
Definition 4.2 Let Ωo be the occupancy state space and let o
(x)
n be the occupancy state of x
at time n. We define the ‘survival time density’ which (Ωo, n) 7→ n at time n as
L(x)n , Π
(
o(x)n+k = o
(x)
n | o(x)n , n
)
: ∀n, k ∈N (4.5)
whose image L(x)n is a complete description of the cumulative distribution function of the
survival time k conditional to the presupposition that o(x)n+k = o
(x)
n
As both O(x)n and L
(x)
n can not be defined uniquely ∀n, x for possible data over-fitting,
they are estimated by the empirical event density Ô(x)n as {O′(β
(x))
nd }s and by the
empirical survival time density L̂(x)n as {L′(β
(x))
nd }s denoting the observed event and
survival time densities in β(x) ⊆ BeTUS’05 to which the individual x was allocated,
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parametrized by the clock-time nd and the day-type s ∈ S . Both event and survival
time densities are defined at clock-time τ30[n] but evaluated at τ10[n] in the algorithm
when profiles are generated, and the set of day-types S is restricted to ‘weekday’, ‘Sat-
urday’ and ‘Sunday’. This is done to avoid potential data over-fitting on the available
data set: Clustering the BeTUS’05 database in seven partitions with coverage of 81.4
percent leaves a smaller dataset in each cluster as basis for the probabilities, which
might be ‘too small’ for some clusters to result in smooth probabilities. Lowering
the time resolution prevents over-fitting on the available data in these small β j and
possible rounding in the surveys.215 The accompanying reduction of computational
overhead is a welcome side-effect.
An example day-profile of the observed event densities Ô(x)[nd] and resulting mo-
mentary survival time density L̂(x)nd is given in figure 4.2 for two arbitrary clusters
β j.
The resulting final occupancy chain o(x)[n] for x as defined in equation 4.2 is derived
by successively determining the start state o(x)n0 as in equation 4.3, obtaining its survival
time l(x)0 = X(L̂
(x)
n0 ) denoting the time after which a change in occupancy state will
occur, proceed to n(x)0 + l0, determine the new state o
(x)
n0+l0
= X(Ô(x)n0+l0 ) and repeat the
last three steps until the end of the simulation period. The generation of a one-year
occupancy profile for IDEAS 0.3 usually consists of a one-week profile repeated 52
times, as creating a full-year stochastic profile shows an increased regression to the
mean. As the BeTUS’05 survey includes the question whether all workdays have the
same pattern or not, this option is included in StROBe. If so, only one work day is
generated and repeated five times for the weekdays, whereas a full week is generated
if not.
Activity proclivities
The exerted activities are not modelled explicitly but only described by their statistics,
in contrast to the occupancies. As such, we recall Walkers’ proclivity function often
referred to as Richardsons’ static activity function and formally defined as:200;201
Definition 4.3 (Walkers’ proclivity function) Let Ωa be the activity state space, o
(x)
n be
the occupancy state of x at time n and a(x)n the activity state of x at time n. We define the
‘proclivity function’ which (Ω, n) 7→ R at time n as
g(x)j,n , p
(
a(x)n = j | o(x)n
)
: ∀n ∈N, ∀j ∈ Ωa (4.6)
whose image g(x)j,n denotes the likelihood that this individual x is engaged in the depicted activity
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Figure 4.2: Example profile of event density Ô(x)[nd] (left) and survival time density
L̂(x)nd (right) for clusters β2 and β5. The given event density L̂
(x)
nd denotes the probability
that on+k is ‘home and awake’ (bold) or ‘away’ (dashed) given that on equals ‘home and
sleeping’. The given L̂(x)nd denotes the survival time density at 6:00 AM for a transition
from ‘home and sleeping’ to ‘home and awake’ (bold) or ‘away’ (dashed).
j at time n conditional to o(x)n .
Similar to O(x)n and L
(x)
n , the proclivity function g
(x)
j can not be defined uniquely ∀n, x
for possible data over-fitting, it is estimated by the empirical proclivity function ĝ(x)j as
{g′β(x)j,nd }s denoting the observed likelihoods for x ∝ β(x) ⊆ BeTUS’05 parametrized by
the clock-time nd and the day-type s ∈ S . Similar to occupancy, the proclivity functions
are defined at clock-time τ30[n] but evaluated at τ10[n] in the algorithm when profiles
are generated, and the set of day-types S is restricted to ‘weekday’, ‘Saturday’ and
‘Sunday’ to avoid potential data over-fitting and reduction of computational overhead.
4.1.4 Temporal pervasive space of human behaviour
The defined approach on household proclivities results in occupancy chains o(x)[n]
and the related static activity likelihoods ĝ(x)j [n] for each household member x and all
time bins n. Both variables have no first-order impact on the energy simulations, but
are prerequisites to determine the correlated space heating settings T(s)sh [n], the plug
loads for appliances and lighting Pα[n] and Pλ[n], internal convective and longwave
heat gains Q˙a,g[n] and Q˙lw,g[n], and domestic hot water tapping flows m˙γ[n] which
influence all commodity flows.
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Receptacle loads
The first conclusive model in StROBe models the receptacle loads and is divided in two
sections, i.e. modelling of the residential appliances and the lighting loads respectively.
Residential appliance loads. The implemented appliance load model adopts the
approach of Richardson et al. 153, determining the load profile Pα[n] for appliances
α based on the generated occupancy chains {o(x)[n]}h, appliance power characteris-
tics, appliance-activity assignment, static activity likelihoods which correspond to the
proclivity functions ĝ(x)j [n] and the determination of a calibration scalar. In general,
domestic appliances have two states as they may either be standby or on reducing the
calculation of Pα[n] to defining the switching-on and -off events.
For each appliance α and member x, the probability of switch-on p(x)α (t) is defined as
p(x)α,n =

ĝ(x)aα ,ncα if o
(x)
n = 1
cα if
(
aα = o
(x)
n
)
or (aα = ∅)
0 otherwise
(4.7)
with cα ≤ 1 a calibration scalar, aα ∈ Ωa the activity to which the use of appliance
α is related, and ĝ(x)aα ,n the likelihood of activity aα related to appliance α for x ∈
β(x). The calibration scalar cα factored in the appliance probability p
(x)
α,n of switch-on
determines the average number of times the respective appliance α is used in a year,
and is determined iteratively after hundred of algorithm runs per iteration. Here, cα
is required as there is no direct link between the use of appliances and the activities,
i.e. the allocated exerted activity aα is a prerequisite for the the use of appliance α, but
exertion of aα does not imply the use of α. For computational overhead reduction, ĝ
(x)
aα
is determined at τ10 being the time resolution of the generated o(x)[n]h but evaluated
at τ1 in the algorithm. However, we will prove in Section 4.2.4 on page 73 that the
evaluation at τ1 has a negligible added value with respect to IDEAS 0.3.
Once a switch-on event is detected as X(p(x)α,n) for appliance α by x, the duration δα of
the on-state να is determined as
δα = X
(
N (µα, σ2α)
)
: σα , µα/10 (4.8)
with µα the appliance’ mean duration of the on-state, and where-after the procedure is
repeated for the entire occupancy chain. An exception is made to this approach as the
assumption of a constant power demand during switch-on (implied by the two states)
does not apply for all appliances. Customized time-varying demand profiles are used
for washing machines, tumble dryers and dishwashers denoting a typical cycle after
switch-on, leaving only the switch-on events to be determined.
60 | Stochastic boundary conditions in the pervasive space
Table 4.2: Overview of the considered household appliances and their required prop-
erties for receptacle load modelling.a
Pon , W Psb , W owner, - aα kWh cα µα , min fa,α , - flw,α , -
Fridge-freezer 190 0 0.651 - 270 .050 22 0.64 0.46
Chest-freezer 190 0 0.163 - 270 .063 14 0.64 0.46
Refrigerator 110 0 0.651 - 200 .031 18 0.64 0.46
Upright-freezer 155 0 0.291 - 315 .050 20 0.64 0.46
HiFi 100 9 0.900 audio 90 .007 60 0.50 0.50
Iron 1000 0 0.900 iron 18 .007 30 0.50 0.50
Vacuum cleaner 2000 0 0.937 vacuum 75 .131 20 0.50 0.50
PC 140 5 0.708 pc 350 .064 300 0.92 0.08
Printer 335 4 0.665 pc 50 .061 4 0.33 0.67
Television 124 3 0.977 tv 240 .034 73 0.35 0.65
2nd television 124 3 0.580 tv 240 .049 73 0.35 0.65
3rd television 124 2 0.180 tv 240 .055 73 0.35 0.65
DVD-player 35 2 0.896 tv 75 .056 73 0.08 0.92
TV-receiver 27 15 0.934 tv 150 .043 73 0.08 0.92
Hob 2400 0 0.463 food 275 .037 16 0.70 0.30
Oven 2125 0 0.616 food 235 .017 27 0.70 0.30
Microwave 1250 0 0.859 food 75 .007 30 0.00 0.00
Kettle 2000 0 0.975 occ 160 .005 3 0.17 0.00
Dishwasher 1130 0 0.335 dishes 275 .050 60 0.25 0.00
Tumble-dryer 2500 0 0.416 drying 315 .042 60 0.25 0.00
Washing machine 2000 0 0.781 wash 190 .257 140 0.25 0.00
Washer-dryer 2500 0 0.153 wash 520 .257 200 0.25 0.00
aNote that the above table of appliances, its ownership and physical data is adopted from I.Richardson
et al. 151. In successive work, this list could be replaced by a parametrized table based on the energy efficiency
classes and the technology adoption life-cycle.
Once all events are defined and all durations determined, the resulting load profile
Pα[n] of α can be easily determined as να[n]Pνα with να[n] the generated state of α and
Pνα the characteristics power of α. Given the load profile, the resulting internal con-
vective and longwave heat gains are straightforwardly determined as Q˙(α)a,g , fa,αPα[n]
and Q˙(α)lw,g , flw,αPα[n] respectively based on the simplification that appliances do not
have a thermal capacity. Here, fa,α and flw,α are the convective and radiative fraction
of the heat gain for appliance α. Both factors do not necessarily sum up to unity to
include heat generation in appliances which are not transferred to the building zone,
e.g. appliances for cooking and laundry.
An overview on all considered appliances and their properties are given in Table 4.2
as adopted from I.Richardson.151
Residential lighting loads. A distinct model is used for defining the receptacle
lighting loads Pλ[n] for the lighting fixtures λ. Here, the approach of Widen et al. (2009)
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for simulating the use of lighting for residential buildings is chosen in favour of the
model of Richardson et al. as it does not require the nominal power of all fixtures
separately.153;211 The approach starts by defining a desired power level Pλ,id[n] as
Pλ,id[n] , uab[n]Pλ,ab + uac[n]Pλ,ac[n] + uia[n]Pλ,ia (4.9)
where Pλ,ab and Pλ,ia are default electric loads for lighting in case the most-active
occupant is ‘absent’ or ‘inactive’ respectively, while Pλ,ac[n] is an ideal load required
to meet global comfort when ‘active’ given by
Pλ,ac[n] =
{
Pminψ(t) + Pmax (1− ψ(t)) if E(h)e (t) ≤ Elim
Pmin if E
(h)
e (t) > Elim
(4.10)
where ψ(t) , E(h)e (t)/Elim is a function of the global irradiation levels E
(h)
e (t) on the
horizontal surface based on the assumption that the luminance on a surface is linearly
dependent on the irradiance, where a threshold value Elim, and where the functions
ui[n] are step functions stating o(x)[n] = i.
The effective lighting load Pλ[n] is defined by and incremental power ∆Pλ with a con-
stant probability pλ reducing the difference between the effective load for lighting Pλ,n
and the instantaneous ideal load Pλ,id,n at evaluation in each time step for o
(x)
n = 1
denoting the slow response of occupants to changing light conditions. The effective
lighting load is adjusted instantaneously when ui,n changes from 1. Given the load
profile, the resulting internal convective and longwave heat gains can be straightfor-
wardly determined as Q˙(λ)a,g , fa,λPλ[n] and Q˙(λ)lw,g , flw,λPλ[n] respectively, with fa,λ
and flw,λ the convective and radiative fraction of heat gain for appliance λ.
Internal heat gains
Once the occupancy chains o(x)[n] of all household individuals x and the receptacle
load chains Pα[n] and Pλ[n] of all appliances and lighting fixtures are determined,
the overall convective and longwave internal heat gain profiles Q˙a,g[n] and Q˙lw,g[n]
can be defined straightforwardly as the sums Q˙(α)a,g [n] + Q˙
(λ)
a,g [n] +∑x f
(x)
a QM(o(x)[n])
and Q˙(α)lw,g[n] + Q˙
(λ)
lw,g[n] + ∑x f
(x)
lw QM(o
(x)[n]) respectively, with fa,x and flw,x respec-
tively the convective and radiative fraction of heat gain for humans and QM(o(x)) the
metabolic heat production of x in state o(x).
For the transient building energy simulations, the internal gains are divided over
the different zones based on a floor-area based ratio. This means appliances are not
allocated to a certain location.
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Space heating settings
As denoted in the review Section 2.2.2 on page 17, there are no comprehensive stochas-
tic models known focussing on the space heating settings based on prerequisite occu-
pancy and activity chains. The recent survey data analysis method of Leidelmeijer
& van Grieken, i.e. a clustering of the space heating comfort desires, patterns and
heated spaces, and the resulting findings closely match a o(x)[n]-prerequisite approach
when reformulated for modelling.115
The used statistics in this section are based on the Dutch Qualitative House Registra-
tion (from now on referenced as DuQHR’00) collected in 2000 by the Directorate-general
Housing of the Ministry of Housing, Spatial Planning and the Environment.199 The
dataset relates to a population of 15000 dwellings, who completed questionnaires
describing their heating and ventilation behaviour.
In order to analyse the temporal behavioural patterns, DuQHR’00 is clustered in seven
partitions by Leidelmeijer & van Grieken based on the observed space heating state
chains T′(sd)sh [n] of the living area sd.
115
{ϕj}1:7 , C
({
T′(sd)sh [n]
}
s
)
: DuQHR’00 (4.11)
with ϕj ⊆ DuQHR’00. Each partition ϕj represent households heating according to a
typical pattern j, e.g. partition ϕ3 covers the households in DuQHR’00 with a typical
space heating profile heating the day-zone just below 20◦C all day long, increasing
their set-point in the evening while reducing it at night to 15◦C. All partitions together
cover 98 percent of the original dataset as shown in Table 4.3 on page 63, though
the partition ϕ1 denoting the households which never heat their dwelling and which
covers 4 percent of DuQHR’00 is removed for modelling new neighbourhoods in the
Modelica IDEAS Library.
The set {ϕj}1:7 ⊆ DuQHR’00 covers two distinct aspects at the same time, i.e. the char-
acterisation of the heating pattern in time and of the desired comfort levels. If we
only consider the temporal behaviour in ϕj replacing T
′(sd)
sh [n] by a function u
′(sd)
sh [n]
with state space ‘high’, ‘medium’ and ‘low’, we note that the partitioning ϕj matches
the earlier found partitioning {β j}1:7 ⊆ BeTUS’05 on member occupancy with state
space ‘awake at home’, ‘asleep at home’ and ‘absent’. We therefore conclude that the
resulting space heating set-point model can start from the generated occupancy chains
{o(x)[n]}h of all members x in household h and uses at all times the occupancy state
of the most-active member as prerequisite. The latter is defined as the instantaneous
‘most-active’ occupancy state of all members x. Given the stated o(x)-prerequisite, the
probabilistic allocation of household h to the cluster h ∝ ϕ(h) is based on the given un-
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Table 4.3: DuQHR’00 coverage of household heating behaviour patterns for all partitions
ϕj representing household members behaving according to a typical setting j with set
point Tsh as a function of the occupancy state for the heated spaces {ssh}h.a
ϕ2 ϕ3 ϕ4 ϕ5 ϕ6 ϕ7 DuQHR’00
Coverage 0.35 0.16 0.08 0.11 0.05 0.20
Tsh if ‘home & awake’ 20.0◦C 18.5◦C 20.0◦C 20.0◦C 21.0◦C 21.5◦C 19.11◦C
Tsh if ‘home & asleep’ 19.5◦C 18.5◦C 19.5◦C 15.0◦C 21.0◦C 21.5◦C 18.35◦C
Tsh if ‘absent’ 15.0◦C 15.0◦C 11.0◦C 14.0◦C 20.5◦C 15.5◦C 13.13◦C
Heated spaces {ssh}h {{d},{d,b},{d,n}} {d,b} {{d}, {d,n}} {d} {d,b,n} {d,b}
aThe bold coverages denote an over-representation in ϕj in comparison to the overall population, as
such being dominated by these clusters. The possible heated spaces are the dayzone (d), bathroom (b) and
nightzone (n).
parametrized coverages in DuQHR’00 and translated to the parameter set
{
T′(sd)sh,u1
}(ϕ(h))
Ωo
denoting the space heating set-points for the living area as a function of the occupancy
state of the most-active member.
In order to analyse the spatial behavioural patterns, DuQHR’00 was again clustered by
Leidelmeijer & van Grieken based on the observed heated spaces {s′sh}h.115 As such,
DuQHR’00 is clustered in six partitions σj
{σj}1:6 , C
({s′sh}h) : DuQHR’00 (4.12)
with σj ⊆ DuQHR’00. Each partition σj represent households heating according to a
typical pattern j, e.g. partition ϕ3 covers the households in DuQHR’00 which heat the
day-zone, kitchen and bathroom according to the pattern observed in the living area
sd. The original state space of ssh is ‘living area’, ‘kitchen’, ‘scullery’, ‘bathroom’ and
‘bedrooms’ in DuQHR’00. For convenient handling of multi-zone building energy sim-
ulations this is converted to the smaller state space with ‘day-zone’, ‘night-zone’ and
‘bathroom’ by treating the living area, kitchen and scullery equal. The coverages of
the subgroups on heated spaces {σj}1:6 are not quantified but only expressed qualita-
tively in relation to the subgroups on heating patterns {ϕj}1:7, i.e. the most common
combination for each cluster σj with ϕj is given. As such we can only deterministically
allocate h ∝ σ(h) given the allocation h ∝ ϕ(h) as shown in Table 4.3.
Linking heating patterns of different heated spaces in a dwelling to the heating pattern
of the main living area is only possible due to the dominant residential space heating
control system in Belgium, i.e. a central room thermostat combined with thermostatic
valves in other rooms.141
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Hot water redraws
The implemented appliance load model adopts the approach of Richardson et al. 153,
determining the load profile m˙γ[n] for tap γ based on the generated occupancy chains
{o(x)[n]}h, tap flow characteristics, tap-activity assignment, static activity likelihoods
which correspond to the proclivity functions ĝ(x)j [n] and the determination of a cali-
bration scalar. In general, domestic taps have two states as they may either be closed or
open reducing the calculation of m˙γ[n] to defining the opening and closing events of
all taps.
For each tap γ and member x, the probability of switch-open p(x)γ [n] is determined at
each time step n as
p(x)γ,n =

ĝ(x)aγ ,ncγ if o
(x)
n = 1
cγ if
(
aγ = o
(x)
n
)
or (aγ = ∅)
0 otherwise
(4.13)
with cγ ≤ 1 a calibration scalar, aγ ∈ Ωa the activity to which the use of tap γ is related,
and ĝ(x)aγ ,n the likelihood of activity aγ related to tap γ for x ∈ β(x). The calibration
scalar cγ factored in the appliance probability p
(x)
γ,n of switch-open determines the
average number of times the respective tap γ is used in a year, and is determined
iteratively after hundred of algorithm runs per iteration. Here, cγ is required as there
is no direct link between the use of taps and the activities, i.e. the allocated exerted
activity aγ is a prerequisite for the the use of tap γ, but exertion of aγ does not imply
the use of γ. For computational overhead reduction, ĝ(x)aγ is determined at τ10 being the
time resolution of the generated o(x)[n]h but evaluated at τ1 in the algorithm. However,
we will prove in Section 4.2.4 on page 73 that the evaluation at τ1 has a negligible
added value with respect to IDEAS 0.3.
Once a switch-open event is detected as X(p(x)γ,n) for tap γ by x, the duration δγ of the
open-state νγ is determined as
δγ = X
(
N (µγ, σ2γ)
)
: σγ , µγ/10 (4.14)
with µγ the tap’s mean duration of the open-state, and where-after the procedure is
repeated for the entire occupancy chain.
Once all events are defined and all durations determined, the resulting load profile
m˙γ[n] of γ can be easily determined as να[n]m˙νγ with νγ[n] the generated state of γ
and m˙νγ the characteristics tap flow of γ.
An overview on all considered tap types and their properties are given in Table 4.4 as
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Table 4.4: Overview of the considered hot watter taps and their required properties
for domestic hot water modelling.99
m˙γ , l/min aγ l/yr cα µα , min
Short tap flows 1 presence 10 200 .041 1
Medium-long tap flows 6 presence 4 400 .017 1
Bath 14 shower 7 300 .014 10
Shower 8 shower 2 900 .020 5
adopted from U.Jordan.99
Ventilation and solar shading control
As stated earlier, it is the author’s opinion that existing comprehensive stochastic
models for window opening and solar shading control in a residential environment
are not sufficiently described or validated. As such, the stochastic control of ventilation
by manually opening windows and the manual control of solar shading is not included
in the Python StROBe Package. As the focus lies on (new) low-energy dwellings in the
proposed research questions, we may state that the required ventilation is achieved
by a mechanical ventilation system and its control is, together with the control of the
solar shading, performed by a building energy management system.
4.1.5 Recapitulation
The Python StROBe Package has been developed to include stochastic residential
occupant behaviour as a main boundary condition in integrated (building and) dis-
trict energy simulations with the Modelica IDEAS Library. It includes the stochastic
modelling of receptacle and lighting loads, hot water tapping, internal heat gains and
space heating settings at a resolution of ten minutes. Its modelling is founded on the
stochastic modelling of occupancy and activity proclivities as prerequisites based on
the Belgian Time-Use Survey and Household Budget Survey as shown in Figure . The
main improvements achieved in StROBe compared to the state-of-the-art as elaborated
in Section 2.2 on page 11 is the use of clustered BeTUS’05 data for occupancy and
activity modelling, and combining all different commodities in a single model found
on the same prerequisites, as such improving the representation of their cross- and
autocorrelations which are important for district energy simulations.
Resulting example profiles of Pr[n] and m˙γ[n] at dwelling and aggregated level are
given in Figure 4.5. The implementation of the described model and its fit for purpose
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Figure 4.3: General overview of the structure of StROBe defining heating set-point,
electric load and heat gain profiles based on appliance data and clustered time use
survey data. Its translation in symbols and equations is shown below in Figure 4.4.
regarding integrated district energy simulations will be evaluated in the following
section.
4.2 Epistemic uncertainty,
evaluating methods in StROBe for IDEAS
The Python StROBe Package is one of the main implicit sets of equality constraints S
for the parameter set x in integrated district energy simulations. When used for sim-
ulation and optimization, as stated in Equation 3.2 on page 24, the objective function
zi(x) is defined by Z : Rm → R as
zi(x) , Z (yt(x, 1)) , ∀i ∈ {1, . . . , n} (4.15)
and where yt(x, 1) ∈ Rm is the solution of a semi-explicit system of non-linear dif-
ferential algebraic equations for state variables in time as implemented in the Mod-
elica IDEAS Library for the state variables yt. The set of assumptions made in the
previous sections and which are specific to the development of a bottom-up building-
energy occupant behaviour model such as StROBe cause ‘epistemic model uncertain-
ties’, i.e. uncertainties attributable to incomplete knowledge about a phenomenon that
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{α}k {ĝ(x)j }h h ∝ ϕ(h) h ∝ σ(h) {Tsh [n]}s
{β(x)}h
Ωo , n 7→N
l(x)n = X(L̂
(x)
n )
o(x) [n] p(x)α [n], p
(x)
γ [n]
α = X(p(x)α,n)
να = να
Pα [n]
m˙w [n]
Ωo , no 7→ Ω
o(x)n = X(Ô
(x)
n )
n + ln
n + τ
n + δα
να , n 7→N
δα = X(Nα)
{Qa,g}s
{Q˙lw,g [n]}s
E(h)e (t) ψ =
E(h)e (t)
Elim
∑ oi [n]Pλ,i P−λ [n]± ∆Pλ [n] n + τ Pλ [n]
onoff
∀x. ∀α, ∀x.
Figure 4.4: Symbolic overview of the implemented algorithms in StROBe as shown
above in Figure 4.3. The framework is found on the stochastic determination of oc-
cupancy ox[n] and activity chains q
(β)
j [n] as prerequisites; based on the clustered
BeTUS’05 data {βx}h. Given the generated ox[n] and q(β)j [n], the profiles for the recep-
tacle load of appliances Pα[n] and lighting Pλ[n], for the hot water tappings m˙γ[n], the
internal heat gains Q˙a,g[n] and Q˙lw,g[n], and the space heating set points Tsh[n] are
determined.
affects our ability to model it.† The latter requires us to rewrite the previous definition
of the objective function zi as:
zi(x) , Z (y˜t [yt(x, 1)]) , ∀i ∈ {1, . . . , n} (4.16)
with y˜t the uncertain approximation of the required state variables yt.
As epistemic uncertainties are due to ‘things we could in principle know but don’t in
practice’, they are evidently hard to quantify. As such we will try to estimate them on
three aspects, i.e. by verifying the StROBe model outcome with known reference values
on the annual loads, the simultaneity of loads and on the autocorrelation of loads, and
by quantifying the error by choosing a certain time resolution τ for StROBe.
4.2.1 Annual loads
An overview of the histograms for hundred annual simulations is given in Figure 4.6
regarding the total receptacle loads
∫
Pr, the total hot water tap
∫
m˙γ and the average
†As such, epistemic uncertainties (sometimes referred to as ‘systemic uncertainties’) may be reduced with
time as more data are collected and more research is completed.
68 | Stochastic boundary conditions in the pervasive space
0
2
4
6
0 1 2 3 4 5 6 7
t, day
Pr , kW
0
1
2
3
4
0 1 2 3 4 5 6 7
t, day
mγ , l/s
Figure 4.5: Example week profile of the receptacle load Pr[n] (left) and hot water
redraws m˙γ[n] (right) for a single dwelling (blue) compared to the instantaneous
aggregate profile (green) derived by summing hundred profiles scaled with a factor
.10 for readability.
space heating set point temperature Tsh for the day-zone.
The observed annual average of the modelled electricity loads is 3.1 MWh. This annual
use can be compared to the values found in the Belgian Energy use Survey (from
now on referenced as BeECS’10) collected in 2010 under the authority of eurostat.95
The BeECS’10 dataset relates to a population of 3396 households who completed
questionnaires related to their energy use, and denotes a median annual electricity use
of 3.6 MWh. The observed underestimation can be explained by two arguments. One
the one side, an underestimation of the electricity loads is often found in bottom-up
load models based on occupancy, activity and ownership.2 This is generally addressed
by the notion that the considered list of appliances is never exhaustive and the notion
that occupant behaviour is not always argumentative. On the other hand, residential
energy use statistics contain more than just the receptacle loads, e.g. the loads of pumps
and fans. Additionally, for Belgium, twenty percent of households provide hot water
based on an electric boiler, while ten percent of the households heat their house based
on electricity and an additional ten percent sporadically heat an additional space with
an electric heater. As such, we would expect an underestimation compared to energy
use statistics, though we can not directly estimate it.
The observed average of the modelled hot water load is 135 L per household per day
normalized at a temperature of 60◦C. This number is hard to compare with Belgian
statistics, but matches well with the rule-of-thumb denoting 60 L per person per day
which results in an average hot water load of 140 L per household per day given the
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Figure 4.6: Comparison of the resulting epistemic histograms for the annual receptacle
load Pr, the average daily hot water consumption mγ and the average space heating
setpoint Tsh with (average) reference values given in literature.
average household size of 2.3 persons.
The observed average of the modelled space heating set-point in the day-zone is
18.3◦C. Also this number is hard to compare as it is based on the supposed set-
point temperature given when the space heating is considered to be switched off, but
matches well with the considered average building temperature of 18◦C in the Belgian
energy directive on the energy performance of buildings.
4.2.2 Factors of simultaneity
When modelling the pervasive space at a neighbourhood level, the ‘simultaneity’ of
loads at the aggregate level is one of the main factors influencing the resulting system
performance and the design assessment. To address this, the factor of simultaneity
ks ≤ 1 (or its inverse diversity factor) is defined in both electrical and hydronic design.
The factor of simultaneity is the ratio of the peak power of a group of loads to the sum
of peak powers for each load in this group and can be formally determined as:
ks
(
P(H)r [n]
)
=
max
(
∑
(H)
h P
(h)
r [n]
)
∑Hh
(
max P(h)r [n]
) s.t. h ∈ H (4.17)
where H is the set of households h in the depicted feeder or neighbourhood. As stated,
the same definition is applied to m˙γ[n] for the design of water supply systems.
The resulting factors of simultaneity ks for the modelled Pr[n] and m˙γ[n] at τ15 are
shown in Figure 4.7 as a function of the number of dwellings n considered in the
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feeder. To get a correct representation of ks, each neighbourhood with n dwellings is
simulated a hundred times.‡ The average ks of the modelled data is 0.94/n + 0.23 for
Pr[n] and 1.12/n + 0.09 for m˙γ[n] for n ∈ [2, 30], which accords to the stated reference
values in the literature review at Section 2.2 on page 12.
Given the simulated set of hundred cases for each feeder size n ∈ [2, 30], we can
compare the found factors of simultaneity with the known design standards which
values should indicate an upper limit of ks as a function of the system size, bound by a
confidence interval or safety factor. Before comparing the simulated values with the
standard, we state that ‘the factors of simultaneity ks may be treated as being normally
distributed for a single n’ which allows us describing ks based on standard deviations.
For both ks (mγ[n]) and ks (Pr[n]), the null hypothesis H0 against N (µ, σ2) is refuted
by Shapiros’ W-test for normality for an α-level of .05 and W ≥ .95 as shown in Table
4.5 on page 71. As such, we can calculate the coefficient of variation of ks, equal to
.2 n− 14 percent for the receptacle loads Pr[n] and .07 n− 12 percent for the water re-
draws m˙γ[n]. To be complete, also the null hypothesis H0 against lnN (µ, σ2) is refuted
by Shapiros’ W-test for (log-)normality for the same α-level of .05 and W ≥ .95, which
may allow us to treat ks as being a log-normal distributed with a longer upper-tail.
Having defined the standard deviation under the assumption of normality, we can com-
pare the µ+ 3σ upper limit of the .997 confidence interval for ks (Pr[n]) and ks (mw[n])
at τ10 with the reference values given in their respective system design standard
IEC Std. 60439 for low-voltage switchgear and control-gear assemblies and design
standard Std. EN 806-3 on in-home water piping respectively which’ values should
describe an upper limit of observed values, bound by a confidence interval or safety
factor.
The comparison of the calculated ks (Pα[n]) with IEC Std. 60439 and ks (m˙γ[n]) with
Std. EN 806-3 as shown in Figure 4.7 gives an indication of the correctness of the
modelled data. The modelled upper 3σ limit for ks (Pα[n]) of 1.84/n + 0.26 corre-
sponds visually well with the bottom limit of 3.77/n + 0.26 in the design standard
IEC Std. 60439, and also the bottom limit of 1.81/n + 0.34 in the design standard
Std. EN 806-3 matches visually well to the calculated upper 3σ limit for ks (m˙γ[n]) of
1.61/n + 0.11.§
From this we may draw the conclusion that ks (m˙γ) and thus the simultaneity of
the modelled m˙γ at feeder level is satisfyingly verified, though the difference between
‡The size of hundred cases is set based on the suggestion of K.Lomas et al. and I.Macdonald et al. stating
that the accuracy does not improve much above a hundred runs, 120;121 which is later-on proven in Figure 4.13
on page 85.
§All mentioned regressions of ks (mγ [n]) and ks (Pr [n]) in the form of a1/n + a0 obtain an r2 higher than
.95 for both the modelled data as well as the data mentioned in the design standards.
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Table 4.5: Results of Shapiros’ W test for log-normality of the obtained factors of
simultaneity ks for the receptacle loads Pr and water redraws mw; Both the W test
statistic and p-value are given for different feeder sizes.a
H0 n 2 5 10 15 20 25 30
W statistic 0.987 0.975 0.990 0.976 0.990 0.987 0.992 ≥ 2
ks(Pr) ∝ N (µ, σ2) p-value .461 .067 .670 .085 .691 .479 .826 ≥ 2
W statistic 0.876 0.974 0.978 0.984 0.969 0.968 0.941 ≥ 5
ks(mw) ∝ N (µ, σ2) p-value - .058 .107 .298 .022 .021 - ≥ 5
aThe bold test statistics denote a W ≥ .95, the bold numbers denote an α-level of .05 and results below an
α-level of .001 are not given.
both remains significant. Two explanations can be given for the underestimated ks ( · )
of the modelled time series. A first major reason may be Assumption 4.1 on page
50 stating that the pervasive system is spatially homogeneous with respect to the
national demography. As stated earlier, Gardiner & Manson (1994)58;157 repelled this
assumption by stating based on measured household and transformer load profiles
that ‘time series Pr[n] found at individual-house level are apparent at the feeder-
transformer’ implying that ‘people living in a given neighbourhood predominantly
tend to fall in just one or two clusters β j ∈ β’. Such a local concentration of clusters β j
would amplify the log-normality of ks (Pr[n]) compared to its normality, and as such
raise the upper 3σ limit. Unfortunately, there is not enough data available in BeTUS’05
or BeHBS’05 to allow a proper modelling of the local inhomogeneity of the pervasive
space. On the other hand, Std. EN 806-3 includes domestic hot water as well as cold
water tapping which gives a distorted comparison with the modelled hot water loads.
Despite the observed underestimation of the factors of simultaneity compared to their
design values in standards, ‘we’ say that the simultaneity is modelled well enough for
its purpose in district energy simulations.
4.2.3 Receptacles’ autocorrelation
When modelling the pervasive space at a building level, the ‘auto-correlation’ of loads
is one of the indicators addressing the correct representation of the load profile. To
address this, the autocorrelation function (ACF) of the modelled Pr[n] loads at τ1 for
hundred households is compared to the autocorrelation of an equal number of random
profiles measured in a single district at τ15 as shown in Figure 4.8 (left) for a one-week
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Figure 4.7: Verification of the modelled factors of simultaneity ks for τ15 receptacle
loads Pr[n] (left) and hot water redraws mγ[n] (right) denoted for 100 cases per feeder
size in comparison to its design standards.
period.113
Visual comparison of the modelled and measured autocorrelation functions shows
an underestimation for the modelled Pr[n]-profile compared to the measured profiles,
while the lag is correctly represented. Autocorrelation functions however depend on
the sample size and first-order lag, and due to the difference in time resolution of both
datasets we have to compare them in relation to their respective threshold levels of
correlation needed to reject the null hypothesis H0 of zero population correlation with
.95 significance for an α-level of .05. This threshold levels of correlation r.95 can be
defined as
(
−1± 1.96√N − k− 1
)
/ (N − k) for a two-tailed test with N the sample
size and k the first-order lag.7 The resulting r.95 are .062 for the modelled load profiles
and .094 for the measured load profiles.
As shown in Figure 4.8 (right), the r.95 threshold level is exceeded at lags which are a
plurality of a day similar to the observed data, and reaches 2.05 · r.95 after 24 hours and
1.47 · r.95 at its pluralities for the modelled load profiles in comparison to 2.98 · r.95 and
2.41 · r.95 respectively in the observations. As such, as observed before, a slight under-
estimation of the auto-correlation function of the measured load profiles remains even
when corrected for r.95. Two explanations can be given. On the one hand, ‘repeatability’
of behaviour as indicated in the autocorrelation functions is only accounted for in the
explicit modelling of o(x)[n] as the implicit modelling method for activities by procliv-
ity functions gˆ(x)j,n does not allow correction. The activity modelling could include a
correction for the recorded repetition of daily behaviour by adopting a Markov-chain
method as proposed by Wilke et al. , Tanimoto et al. or Widén et al. who focus on
rectifying ax,n.186;210;214 The latter however requires behavioural data of consecutive
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Figure 4.8: Verification of the modelled autocorrelation function (ACF) for τ1 for re-
ceptacle loads Pr[n] (blue) in comparison to the average ACF for 100 random profiles
measured by W.Labeeeuw et al. (green) as such and (right) corrected for to their re-
spective threshold levels of correlation r.95 needed to reject the null hypothesis H0 of
zero population correlation with .95 significance for an α-level of .05.113
days and a rejection of the assumption that household individuals behave individually
from each other, which is beyond the current validated state-of-the-art in behavioural
modelling. On the other hand and similar to the underestimation of ks, Assumption 4.1
on page 50 stating that the pervasive system is spatially homogeneous with respect to
the national demography may underestimate the autocorrelation function. As stated
earlier, Gardiner & Manson (1994)58;157 repelled this assumption by stating based
on measured household and transformer load profiles that ‘time series Pr[n] found at
individual-house level are apparent at the feeder-transformer’ implying that ‘people
living in a given neighbourhood predominantly tend to fall in just one or two clusters
β j ∈ β’. Such a local concentration of clusters β j would lower the observed spread and
raise the mean observed autocorrelation. Unfortunately, there is not enough data avail-
able in BeTUS’05 or BeHBS’05 to allow a proper modelling of the local inhomogeneity
of the pervasive space.
4.2.4 Time resolution
The Python StROBe Package models its physical variables as input for simulations
in the Modelica IDEAS Library at a one minute interval τ1, but outputs them at a
ten-minute interval τ10. This resolution was chosen based on the literature review
as stated in Section 2.2.1.1 on page 12. In this section, we re-evaluate this choice
by comparing simulation results with climate and StROBe boundary conditions at
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{τ1, τ5, τ10, τ15, τ30, τ60} for a reference residential neighbourhood as described in Sec-
tion 5.3 on page 106. The reference case consists of 34 low-energy dwellings based on
air-coupled heat pumps and photovoltaic systems, layed-out in an ‘IEEE PES 34-node
Distribution Test Feeder’, while the low-resolution boundary conditions are obtained
by averaging τ1 if possible.
As momentarily differences between the time series of a physical variable from simu-
lations at a different temporal resolution τ have been found hard to interpret in earlier
work,¶ we will assess the time resolutions by defining a ‘probability density function
(pdf) difference’ for key variables yt relative to τ1 as:
Definition 4.4 (probability density function difference) Let pd fy and pd fz be the prob-
ability density function of a random variable y and z respectively. We define the ‘probability
density function difference’ which (y, z) 7→ (x, t) as
dpd f (y, z) , pdfy − pdfz s.t.
∫ b
a
pdfy (x) dx , p [a ≤ x ≤ b] (4.18)
whose image dpd f is a probability density function who denotes the difference between the
probability density functions of both variables.‖
For comparison of the same variable yt at different temporal resolutions τ, we refor-
mulate dpd f (y, z) to dpd f (y(τi)) , pd fy(τi ) − pd fy(τ1) . Given this, and to compare with a
single-digit indicator instead of density functions such as dpd f (y(τi)), we could define
an absolute ‘distance’ as:
idpd f (y
(τi)) ,
∫
|dpd f (y(τi))|dx
[∫
dx
]−1
(4.19)
whose image idpd f denotes the normalized integral of dpd f . We will use both idpd f
and dpd f to compare district energy simulation results at different time resolutions,
focussing on the thermal comfort, resulting power loads and feeder voltage quality.
Boundary conditions
The climate data and output variables of the Python StROBe Package have been con-
verted to {τ1, τ5, τ10, τ15, τ30, τ60}. For the climatic boundary conditions, τ1 profiles of
¶Similar findings on the impact of time resolution have been previously published in: ‘R.Baetens &
D.Saelens (2011) Integrated dynamic electric and thermal simulations for a residential neighbourhood: Sen-
sitivity to time resolution of boundary conditions. In: Proceedings of the 12th Conference of International Building
Performance Simulation Association. Sydney,November 14-16, 2011 (pp. 1745-1752). Sydney: IBPSA/AIRAH.’
‖Note that, in order to apply this definition to simulation data, the probability distribution functions
are replaced by a histogram with a discrete data bin width. As such, the shown dpd f (y, z) will have a unit
(i.e. seconds or hours) and its absolute should only be considered in relation to the used bin width to show
the data.
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the required direct and global horizontal irradiance E(h)D (t), E
(h)
e (t) and the outdoor
dry-bulb temperature Tdb(t) as described in Section A.1 on page 150 were generated
with the Meteonorm 7.1 Software of Meteotest Genossenschaft. The lower-resolution
boundary conditions are achieved by averaging over the resolution period and correct-
ing the timing of input data moving them τi/2 back in time. The same averaging is
carried out for the generated receptacle load profiles Pr[n], the convective and long-
wave internal gain profiles Q˙a,g[n] and Q˙lw,g[n], and the hot water tap profile m˙γ[n]
at τ1. Averaging of the generated space heating set-point Tsh[n] at τ10 is more compli-
cated, as the profile needs to remain discrete given the parameter set of h ∝ ϕ(h). As
such, averaging of Tsh[n] is obtained by taking the minimum in the resolution period.
Physical variables
The boundary conditions have an impact on the thermal variables such as the operative
temperature Top(t), the resulting heat pump load Php(t), and the electrical variables
such as the net power exchange Pnet(t) and the resulting phase feeder voltages Uφ(t).
Thermal impact. An overview of the resulting dpd f (Top(t)) and dpd f (Php(t)) and
their effective distance is given in Figure 4.9 (upper left, mid) on page 76.
The density distance function dpd f (Top(t)) is positive for values below the space heat-
ing set point at occupation Tsh,u0 and below the set point for solar shading control
Tsol . The former is easily explicable: The choice to define smoothed but discrete Tsh[n]-
profiles based on the infimum in each time interval reduces the overall thermal comfort.
As such we create a relative over-representation of temperatures below Tsh,u0 as indi-
cated by a positive dpd f , while the under-representation (and thus negative dpd f ) at
Tsh,u0 and just above indicates the shortened heating periods. Contrary, the latter is
caused by smoothing of the indoor operative temperature because of smoothing of
the applied internal heat gains Q˙g[n] and resulting solar gains Q˙sw(t). The effective
distance idpd f (Top(t)) with respect to τi however rapidly increases to 2.3 percent at τ10,
9.4 percent at τ30 and 16.6 percent at τ60. We indicate later that these are the highest
observed idpd f (y). Two temperature profiles obtained with a different resolution of
boundary condition however have a high Pearson’s product-moment and Spearman’s
rank correlation coefficient of .95 as expected from the high thermal inertia of build-
ings. At a majority of time the instantaneous differences between two temperature
profiles remain below 0.2◦C, while maximum deviations up to 2.8◦C are found due to
time shifts up to τi in the discrete change of Tsh[n].∗∗
The choice for the minimum to define Tsh[n] causes a constant under-representation
∗∗The absolute value of the instantaneous difference between temperature profiles depends of course on
the insulation value of the respective dwellings.
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Figure 4.9: Probability density function (pdf) differences dpd f ( · ) (left, mid) and re-
sulting integral error idpd f (right) of the observed operative temperatures Top(t), heat
pump loads Php(t), net household loads Pnet(t) and phase voltages Uφ(t) denoting the
over- and underrepresentations in time resolutions {τ5, τ10, τ15, τ30, τ60} in comparison
to τ1.
of Php(t) as the heating periods are shorter. The effective distance idpd f (Php(t)) with
respect to τi as shown in Figure 4.9 (upper right) however remains low at 0.1 percent
at τ10, 0.3 percent at τ30 and 0.6 percent at τ60. These values are however biased due
to the low operating hours of the heat pump. The instantaneous differences between
two load profiles is however large in the range of the nominal heat pump power due
to time shifts up to τi in the discrete change of Tsh[n] and a variance in cycling of the
heat pump when comfort is met as not all heating-up periods are equally long.
The depicted effects might not solely be assigned to time resolution as it is not the
information source of a control algorithm but mainly its result. Within the simulations,
required thermal comfort and space heating control is coupled to the stochastic oc-
cupancy profile, whereas real-life heating patterns are defined by a combination of
stochastic behaviour and fixed daily household habits. Furthermore, current heating
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systems control may no longer apply for low-energy dwellings due to reduced (sys-
tem and) control efficiencies of hydronic systems for low heat demands and increased
inertia depending on the system sizing.
Electrical impact. An overview of dpd f (Pnet(t)) and dpd f (Uφ(t)) and their effective
distance is given in Figure 4.9 (lower left, mid). The sensitivity of the electrical im-
pact is found to be more complex. The reason can be found in the very fast response
time of electrical systems, but also in the responsiveness which is defined by both the
first-order dependence on domestic electricity use Pr[n] and local electricity generation
Ppv(t) based on Ee[n], as well as the second-order effect on the load Php(t) for space
heating and domestic hot water by means of a heat pump.
Both the net power load exchange Pnet[n] as well as the resulting feeder voltages Uφ[n]
show a regression towards the mean when simulated with boundary conditions with a
lower time resolution, as indicated by the positive values of dpd f ( · ) around zero and
negative values further from the origin in Figure 4.9 (lower left, mid). This regression
can be denoted in the negative density distances dpd f (Pnet[n]) and dpd f (Uφ[n]) at its
extrema and positive distances around its equilibrium of 0 kW and 1 pu respectively,
i.e. the extreme values are filtered out at low time resolutions compensated by over-
representations of the average values.
When studied in detail, dpd f (Pnet[n]) and dpd f (Uφ[n]) behave similar but opposite,
i.e. the resulting conclusion on the sensitivity of the physical impact of the net power
exchange can be found opposite to the sensitivity of the net power exchange itself.
As shown in Figure 4.9, the main deviation of the net power exchange of a dwelling
is made on the net power demand side whereas the deviation for net power sup-
ply is less pronounced because averaging of Ee[n] only affects Ppv(t) on the days
with variable weather conditions, i.e.
∫ |dpd f (P+net[n])|  ∫ |dpd f (P−net[n])| for a similar
load range [−5, 0] and [0, 5] kW. Contrary we see that ∫ |dpd f ((Uφ − U0)−[n])| ∫ |dpd f (δ(Uφ −U+0 [n])| for an asymmetric voltage range [0.97, 1.00] and [1.00, 1.06] pu
for resolutions of {τ15, τ30, τ60} which indicates that the smoothing of P−net(t) has a
much larger smoothing effect on the voltage increases (Uφ −U0)+ than the smooth-
ing of P+net(t) on the voltage decreases (Uφ −U0)−. For the former, hourly data τ60
result in an underestimation up to 9 V on a maximum daily voltage rise of 18 V
compared to the feeder voltage for τ1, i.e. a relative deviation of factor 2. The strong
underestimation resulting from the small deviation on the net power supply at build-
ing level is caused by the physical relation between the net power supply at district
level and a resulting strong accumulation of grid voltage increases. Contrary, no lower
extreme under-voltages are found for hourly simulations due to the stochastic nature
and resulting weak coincidence in time of net power demand. The effective distance
idpd f (Pnet(t)) and idpd f (Uφ(t)) with respect to τi are comparable denoting 0.5 percent
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at τ10, 0.8 percent at τ30 and 1.0 percent at τ60 for Pnet(t) and 1.1 percent at τ10, 2.5
percent at τ30 and 3.0 percent at τ60 for Uφ(t).
Within the simulated case, the allowed extreme voltages of .9 U0 and 1.1 U0 are not
reached but the drawn conclusion may differ significantly in weak electrical grids.88;89
Conclusions for production losses due to photovoltaic inverter shut down by grid
over-voltage could show significant underestimation of power losses due to the un-
derestimation of the feeder voltage rises at low resolutions. Furthermore, the use of
low-resolution data will overrule the time constant of the inverter controller resulting
in unrealistic switch-off patterns.
4.2.5 Recapitulation
In an attempt to quantify the epistemic uncertainty, the StROBe model outcome is
compared on the overall average annual profiles, on the simultaneity of loads and on
the autocorrelation of loads to reference values, and the error by choosing a certain
time resolution τ for boundary conditions is quantified.
The factors of simultaneity ks for receptacle load profile Pr[n] and hot water tapping
profile m˙γ[n] show a fair comparison with IEC Std. 60439 and Std. EN 806-3 respec-
tively. The slight underestimation of ks(Pr[n]) is attributed to modelling aspects beyond
state-of-the-art in bottom-up modelling. Furthermore, we demonstrated that the re-
sulting autocorrelation of Pr[n] matches the measured profiles well.
The obtained ranges of physical variables yt are compared for simulations with
{τ1, τ5, τ10, τ15, τ30, τ60} for a reference residential neighbourhood. We demonstrated
that only simulations at τ10 are able to keep idpd f below five percent for all variables
while remaining a good representation of the peak voltages, though this might be case
sensitive.
4.3 Aleatory uncertainties,
the inherent spread on results by occupant behaviour
As stated earlier, the Python StROBe Package is one of the main implicit sets of equality
constraints for the parameter set x in integrated district energy simulations. When used
for simulation and optimization, as stated in Equation 3.2 on page 24, the objective
function zi(x) is defined by Z : Rm → R as
zi(x) , Z (yt(x, 1)) , ∀i ∈ {1, . . . , n} (4.20)
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and where yt(x, 1) ∈ Rm is the solution of a semi-explicit non-linear DAE system for
state variables in time as implemented in the Modelica IDEAS Library for the state
variables yt. The stochastic occupant behaviour as modelled in StROBe cause ‘aleatory
model uncertainties’, i.e. uncertainties inherent in non-deterministic phenomena.†† The
latter requires us to rewrite the previous definition of the objective function zi as:
zi(x, α) , Z (yt(x, α, 1)) , ∀i ∈ {1, . . . , n} (4.21)
with yt the state variables and α the input quantities provided by the environment the
system is embedded in, including the pervasive system environment.
Different methods are available to incorporate uncertainties, which thrive to define
a robust counterpart Zi of the original objective function zi. The probabilistic nature
of aleatory uncertainties makes probability distributions an adequate mean for the
mathematical description of these uncertainties, which is generally translated to ‘an
expectancy measure’ and ‘a probabilistic threshold measure’ of robustness in literature.
Both approaches will be explored in the subsequent sections concerning system uncer-
tainties in the Modelica IDEAS Library induced by the modelled residential behaviour
in StROBe. We therefore simulate the states of yt(x, α, 1) a hundred times for a radial
feeder of variable length n with given energy system designs, only differing in its
pervasive space as α-variable. Three building energy solutions are considered to be
integrated in the feeder, i.e. a low-energy building envelope with an air-to-water heat
pump, the same building design with an (on average) 2 kW photovoltaic system, and
with an (on average) 4 kW photovoltaic system as described below.
Four objective functions are focused on in the uncertainty assessment, i.e. the annual
Ohmic losses in the grid EΩ, the annual net energy demand Eγ, the characteristic
voltage deviation Urmsφ as defined in Equation 5.11 on page 98, and the absolute peak
transformer load Ptra.
Before quantifying the aleatory uncertainty, we state that ‘all four objectives zi(x, α)
may be treated as being log-normally distributed for α given a single n’, which allows
us to describe zi based on a ‘Coefficient of Variation’. For all four objectives, the null
hypothesis H0 against lnN (µ, σ) is refuted by Shapiros’ W-test for log-normality with
a test statistic W ≥ .90 and an α-level of .001 for feeder sizes n larger than 2, and with
W ≥ .95 and an α-level of .05 for feeder sizes larger than 10 as shown in Table 4.6. The
observed test statistics for log-normality are, hereby, much higher than the test statistics
of H0 against N (µ, σ2), where W ≥ .90 is only observed for feeder sizes higher than
10 and an α-level of .05 for feeder sizes of 25 or higher. As such, we may formulate all
criteria as being log-normally distributed for the pervasive space α denoting a tail in
††As such, and contrary to epistemic uncertainties, aleatory uncertainties cannot be reduced by further
study, as it expresses the inherent variability of a phenomenon.
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Table 4.6: Results of Shapiros’ W test for log-normality of the obtained results for the
non-treshold related Ohmic losses EΩ, voltage quality Urmsφ , net energy use Enet and
peak transformer load Ptra. Both the W test statistic and p-value are given for different
feeder sizes.a
H0 n 2 5 10 15 20 25 30
W statistic 0.935 0.947 0.968 0.975 0.974 0.986 0.980 ≥ 10
EΩ ∝ lnN (µ, σ) p-value - .001 .033 .089 .070 .469 .180 ≥ 15
W statistic 0.929 0.945 0.969 0.979 0.966 0.984 0.982 ≥ 10
Urmsφ ∝ lnN (µ, σ) p-value - .001 .037 .181 .016 .333 .256 ≥ 15
W statistic 0.961 0.962 0.972 0.982 0.973 0.987 0.980 ≥ 2
Enet ∝ lnN (µ, σ) p-value .008 .009 .065 .283 .051 .517 .182 ≥ 10
W statistic 0.943 0.968 0.978 0.971 0.977 0.986 0.975 ≥ 5
Ptra ∝ lnN (µ, σ) p-value .001 .021 .161 .048 .097 .421 .078 ≥ 10
aThe bold test statistics denote a W ≥ .95, the bold numbers denote an α-level of .05 and results below an
α-level of .001 are not given.
the probability density function at one side of the mean.
4.3.1 Case description
The aleatory uncertainty of district energy simulations is defined for low-voltage distri-
bution feeder with 5, 10, 15, 20, 25 and 30 residential detached dwellings connected to
an EXAVB 4G150 cable, all with a heated area of 123 m2. For each feeder size, a version
is simulated with 0, 20, 40, 60, 80 and 100 percent of the buildings equipped with a
modulating air-to-water heat pump influenced by the occupant behaviour and influ-
encing the feeder dynamics, and this combined without or with a photovoltaic system
of 2 or 4 kW. As such, 108 different neighbourhood designs have been simulated 100
times to define the aleatory uncertainty caused by occupant behaviour.
The architectural types are determined earlier as representative for the Belgian building
stock and are modelled by a 2-zone model with the day zone (e.g. living area, kitchen)
and night zone (e.g. bedrooms) of the dwelling respectively. The distribution of internal
gains by occupant behaviour is based on a volume-weighted ratio. All dwellings are
designed to result in a low-energy standard. Heat losses by conduction are reduced
to a minimum by applying thermal insulation to obtain an overall mean heat transfer
coefficient of 0.11 W/m2K, 0.13 W/m2K, 0.10 W/m2K and 0.8 W/m2K for the cavity
walls, concrete foundation floors, timber roof constructions and windows respectively,
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while the dwellings are as airtight as possible with a natural infiltration rate of 0.03
ACH. All dwellings are equipped with mechanically balanced, air-to-air heat-recovery
ventilation with an air change rate of 0.5 h-1 and a recovery efficiency of 0.84. These
measures result in a design heat load of 26 W/m2 for the moderate climate of Uccle,
Belgium.
The modulating air-to-water heat pump is connected to a low-temperature radiator
in each thermal zone. The heat pump model is based on interpolation in a perfor-
mance map retrieved from manufacturer data. The interpolation defines the heating
power and electricity use as a function of condenser outlet temperature, the ambient
temperature and can modulate to 30 percent. The coefficient of performance based on
manufacturer data is 3.17 at 2/35◦C test conditions (i.e. air/water temperature) and
2.44 at 2/45◦C test conditions for full load operation. The heat pump is controlled
based on the measured and set-point values for the thermal comfort. The HP con-
trol set-points are based on a heating curve for space heating (i.e. 55◦C at an outdoor
temperature of -8◦C and 20◦C at an outdoor temperature of 15◦C).
4.3.2 Expectancy measures of robustness
A first approach to deal with aleatory uncertainties is defining one or more integral
measures of robustness, i.e. ‘expectancy measures’ and ‘dispersion measures’. The
expectancy measure of an objective zi(x, α) describes the long-run average value of
repetitions of the variable it represents, whereas the dispersion measure of zi(x, α)
describes the possible values of the objective around the expected value.
Within this context, the robust counterpart Zi(x, α) of zi(x, α) can be defined as the
expectation of Z (yt(x, α, 1)) denoted as E [zi(x, α)], which has to be traded off to its
variance denoted as Var [zi(x, α)]. The multi-objective optimization task of equation
3.1 then becomes
(E [zi(x, α)] , Var [zi(x, α)]) , ∀i ∈ {1, . . . , n} , x ∈ S (4.22)
E [zi(x, α)] and Var [zi(x, α)] may have different minimizers xˆ representing conflicting
objectives. Therefore, we might need to aggregate both objectives in a single objective
function using a weighted sum of both functions or consider the Pareto-optimal so-
lutions.‡‡ The stated trade-off is given graphically for four zi(x, α) in Figure 4.10 for
the given three different building energy solutions in a radial feeder and for a variable
degree of heat pump and photovoltaic system implementation. No general relation
‡‡The former approach using a weighted sum of both functions is not explored in the consecutive para-
graphs as there is no rational method to defining the weight factor.
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Figure 4.10: Trade-off between the variance Var [zi(x, α)] induced by human behaviour
and the expectation E [zi(x, α)] of the Ohmic losses EΩ, voltage quality Urmsφ , net energy
offtake Eγ and peak transformer load Ptra for a feeder of variable length, building
system design and degree of implementation of low-energy dwellings.
can be observed between the variance and expectation of a random objective zi(x, α).
However, following remarks may be stated based on the observed trade-offs.
E [zi(x, α)] and Var [zi(x, α)] have different minimizers xˆ when regarding the ohmic
losses EΩ, characteristic voltage deviation Urmsφ as defined in Equation 5.11 on page
98, net energy off-take Eγ and transformer peak load Ptra as to be minimized objec-
tive functions, therefore representing conflicting goals. All observed Var [zi(x, α)] are,
however, lower than or equal to the observed variance for the annotated reference case
only existing of receptacle loads, except for x ∈ S1 considering EΩ → min. The latter
allows us to state that E [zi(x, α)] may be seen as the dominating objective function, as
a reduction in Var [zi(x, α)] is almost always achieved though not to a minimum. The
denoted increase of the conditional variance Var [zi(x, α)] for a reduction in conditional
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Figure 4.11: Variance Var [zi(x, α)] induced by human behaviour as function of the
feeder size as shown in Figure 4.10 on page 82, normalized to the expected value
E [zi(x, α)] for a feeder of variable building system design and degree of implementa-
tion of low-energy dwellings.
expectation E [zi(x, α)], may however induce a flaw in using E [zi(x, α)] as objective
function for minimisation. If the increase of Var [zi(x, α)] is more pronounced than the
decrease in E [zi(x, α)], an absolute increase of zi(x, α) given x could be noticed for
certain α.
As shown in Figure 4.11, besides EΩ, all stated objectives functions zi(x, α) show
a general low Var [zi(x, α)] with respect to E [zi(x, α)], generally denoting a factor of
variation below 15 percent. Taking into account the log-normality and leaving aside EΩ,
we may say that 95.4 percent of the observed objectives zi(x) lay in the (.81, 1.6) E [zi|x]
interval for n ≤ 10 with a p-value of .92, and in the (.88, 1.3) E [zi|x] interval for n ≤ 20
with a p-value of .80.
For the considered systems x, we observe that integrating (or increase) photovoltaic
systems always lowers the variance of the denoted zi(x, α). This may be explained log-
ically, as the integration of deterministic loads (i.e. equal in all simulated cases) influ-
encing zi(x, α) lowers the dependency of zi(x, α) on the behaviour-related α-variables,
thus lowering Var [zi(x, α)]. The latter can not be formulated for the integration of the
heat pump system: we observe that adding heat pumps may increase the absolute
value of the coefficient of variation, while lowering it when normalized to the expected
value. Furthermore, the impact of the integration of heat pumps on zi(x, α) depends
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Figure 4.12: Normalized 2nd and 98th percentile {zi(x, α)}j induced by human be-
haviour of the Ohmic losses EΩ, voltage quality Urmsφ , net energy offtake Eγ and peak
transformer load Ptra for a feeder of variable building system design and degree of
implementation of low-energy dwellings.
on the behaviour-induced control of the system. However, both statements can not
be generalized for all possible solutions based on the limited considered number of
technical systems in this section.
4.3.3 Threshold measure of robustness
A second approach to deal with aleatory uncertainties is proposed based on defining a
probabilistic threshold measure of robustness. Within this context, we do not consider
the expected value of an objective function zi(x, α) but the distribution of the variate
directly. That is, in the case of minimization, we look for the threshold {zi(x, α)}p0
below which we expect p0n number of samples fulfilling zi(zi(x, α)) ≤ {zi(x, α)}p0 for
a fixed number of samples n. We therefore yield the threshold dependent criterion
{zi(x, α)}p0 for robustness of zi(x, α) as
p
(
zi (x, α) ≤ {zi(x, α)}p0
) ≥ p0 (4.23)
where p0 defines the desired conditional relative frequency of the zi(x, α) in the case
of minimization.
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Figure 4.13: Convergence of E [zi(x, α)], of Var [zi(x, α)] and of {zi(x, α)}.98 as function
of the used sample size for α based on ‘systematic sampling’ of
∫
Pr[n].
In relation to the earlier mentioned 95.4 percent confidence interval based on the
3σ-rule, we will focus on {zi(x, α)}.02 and {zi(x, α)}.98, closely representing the ex-
pected infimum and supremum in simulations. The threshold values of objectives are
given graphically for four zi(x, α) in Figure 4.12 in relation to the feeder size, for the
given three different building energy solutions for a variable degree of implementa-
tion. These results confirm the observations found in the previous section based on
Var [zi(x, α)]: the statement that 95.4 percent of the observed objectives zi(x) lay in the
(.81, 1.6) E [zi|x] interval for n ≤ 10 and in the (.88, 1.3) E [zi|x] interval for n ≤ 20
corresponds well with the found range of z.02(x, α) to z.98(x, α) leaving aside EΩ. Sim-
ilarly to the observations for Var [EΩ(x, α)], the 2nd and 98th percentiles for EΩ show
a much larger range compared to the other objective functions showing an uncertainty
which is roughly twice as large.
Furthermore, we noticed that E [zi(x, α)] and {zi(x, α)}.98 have the same minimiz-
ers xˆ therefore representing harmonized goals. This observation is however not ab-
solute, i.e. different points can be observed which have alternatives north-west in
E [zi(x, α)] 7→ {zi(x, α)}.98 or south-east in E [zi(x, α)] 7→ {zi(x, α)}.02 when regard-
ing zi(x, α) as to be minimized objective functions. The latter means that two options
can be weighted differently against each other, depending on assuming the conditional
expectancy or the 98th percentile of the observed objective functions zi(x, α), and thus
depending on the occupant behaviour.
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4.3.4 Uncertainty handling
The aleatory uncertainties have been examined based on an ‘expectancy and disper-
sion measure’ on the one hand and a ‘threshold measure’ on the other hand. Given
the strong relation between the found 95.4 percent interval based Var [zi(x, α)] and
the interval between z.02(x, α) and z.98(x, α), both methods seem to be exchangeable
as a measure for robustness in optimization due to the found log-normal distribu-
tions of the objective functions due to occupant behaviour. As such, no additional
computational effort is required to work with both methods if one of them is known.
For the simulated cases, two observations can be done. On the one hand, we have
shown that the design of the building energy system has its impact on the robustness
of the objective criteria and it can thus be minimized as part of an optimisation exercise.
On the other hand, the expected (i.e. average) value of the objective functions has to
a large extend the same minimizers as the measures of the proposed robustness. As
such, optimizing an objective value for its expected value generally seems to result in
an optimum near the optimum of robustness.
However, despite the denoted uncertainty of the objectives zi(x, α), we do not include
the inherent uncertainty of zi(x) due to occupancy behaviour as part of the sensitivity
exercise in the following section. Several reasons can be cited for this. E [zi(x, α)] and
{zi(x, α)}.98 have shown to have the same minimizers xˆ by approximation making
one of them obsolete. Furthermore, given the two typical distribution islands for
optimisation as depicted in Figure 3.5 on page 42 and the found dependency of
Var [zi(x, α)] on the feeder (or island) size due to the decreasing factor of simultaneity
ks with increasing case size, the normalized variance
√
Var/E [zi(x, α)] is generally very
low and below 10 percent. At last, a technical reason may be given for not including
the uncertainty in the optimisation, i.e. the uncertainty is computationally expensive
to define. As shown in Figure 4.13, the expected value of zi(x, α) converges fast but
this does not hold for its variation. Even more, we could state that the variation of the
peak load objective did not yet converge after the hundred cases used in this chapter.
4.4 Recapitulation,
on stochastic boundary value problems
Within this chapter, a complete description of the stochastic boundary value problems
is given denoting climatic conditions and the residential human behaviour.
Occupant behaviour modelling. The main effort consisted of the development
of the Python StROBe Package which integrates stochastic residential occupant be-
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haviour as a main boundary condition in integrated (building and) district energy
simulations with the Modelica IDEAS Library. It includes the stochastic modelling of
receptacle and lighting loads, hot water tapping, internal heat gains and space heating
settings founded on the stochastic modelling of occupancy and activity proclivities as
prerequisites based on the Belgian Time-Use Survey and Household Budget Survey.
The main improvements achieved in StROBe are the use of clustered time-use survey
data for occupancy and activity modelling, and combining all different commodities
in a single model found on the same prerequisites, improving the representation of
their cross- and autocorrelations.
Epistemic uncertainty estimation. The resulting outcome of StROBe is as far as
possible verified with known standards and measurements indicating its fit for pur-
pose and main shortcomings. First, the modelled overall annual water tapping shows
a good agreement with survey data, while the annual electric loads show a mild un-
derestimation compared to reference survey data. The latter is assigned to the lacking
electrical loads of hot water and space heating systems which occur in the surveys,
while also the limited list of appliances in StROBe is addressed. Second, the simultane-
ity of loads is compared to existing design standards which shows a good agreement
with the 5σ-limit of the modelled data for both the receptacle loads and the hot water
tapping. As the statistics behind the reference standards is unknown, the distance
from the modelled factors of simultaneity to the design values is addressed to the
assumption that the modelled demography and resulting occupant behaviour is spa-
tially homogeneous with respect to national statistics.
Additionally, the impact of the used time resolution for occupant behaviour as bound-
ary condition on a set of possible objective functions is researched. Here, a time reso-
lution of five to ten minutes shows little error compared to a higher time resolution
of a single minute, while lower time resolutions show an unfavourable error in the
simulations.
Behaviour-induced aleatory uncertainty. To conclude, we quantified the aleatory
uncertainty caused by stochastic residential occupant behaviour in integrated district
energy simulations. For the simulated cases, we have shown that the design of the
building energy system has its impact on the robustness of the objective criteria and
it could thus be minimized as part of an optimisation exercise. Furthermore, the ex-
pected value of the objective functions has to a large extend the same minimizers as
the measures of the proposed robustness. As such, optimizing an objective value for its
expected value generally seems to result in an optimum near the optimum of robust-
ness. However, 95.4 percent of the observed objectives zi(x) lay in the (.81, 1.6) E [zi|x]
interval for a feeder larger than 10 houses and in the (.88, 1.3) E [zi|x] interval for more
than 20 houses denoting an overall ‘rather small’ uncertainty on the possible objective
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functions caused by occupant behaviour. As such, we decided that this uncertainty is
of minor importance with respect to the aimed sensitivity study and could be part of
future work.
Chapter 5
Externalities of heat pump based dwellings
at low-voltage distribution
So far, the IDEAS simulation environment enables quantifying the effects of thermal
building measures on the low-voltage distribution network is described in Section
3.2, the representative set of cases as described in Section 3.3 allow generalisation of
the quantified externalised effects, and the StROBe modelling environment defines all
stochastic boundary conditions for the stated simulation environment regarding occu-
pant behaviour is described in Chapter 4. Given the above, we can address the main
aim of this work, i.e. ‘to estimate the impact of heat pump based dwellings on low-voltage dis-
tribution networks and identify the potential to optimize the thermal dwelling properties for its
externalities.’ That is, evaluate the possible occurring physical effects and evaluate how
building energy measures in the building envelope, and in the thermal and electric
systems influence these effects.
To address the impact of low-energy dwellings on low-voltage distribution networks
and to identify the potential of optimizing the thermal dwelling properties for its
externalities, we start by presuming a sequence of contextual events for granted. First
and foremost, and similar to Conjecture 3.2 on page 45, we postulate that
Conjecture 5.1 We assume that there is an uncoordinated uptake of heat pump based space
heating systems in our residential building stock.
The uptake of heat pump based space heating systems is in agreement with the general
foreseen scenarios as elaborated in Section 3.3.3 based on the statements of the Euro-
pean Heat Pump Association, the European Insulation Manufacturers Association and
the Buildings Performance Institute Europe. The ‘uncoordinated’ aspect of the stated
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assumption reflects the sequence of events and resulting causality, i.e. it is the dwelling
owner’s decision to install a heat pump based system unaware of the possible impact
on the electricity distribution network and without knowledge of the distribution sys-
tem operator. As such, the owner’s choice for design x unwillingly influences all state
variables yt(x, 1) and the accompanying evaluation criteria or objective functions zi(x)
‘external’ with respect to the owner.
Estimating the impact of those thermal dwelling design decisions x on the low-voltage
distribution networks is the main aim of this section. To do so, one more general
assumption will be rendered:
Conjecture 5.2 We assume that all system boundary conditions can be described independent
of system states or external price signals, i.e. occupant behaviour and system control.
Doing so, we focus on identifying if and when adapted design and control may render
improvements and at which cost these are economically viable if monetary evaluation
criteria are considered. Prior to the effective estimation, three necessary aspects will
be described in the following Sections 5.1 to 5.3, i.e.
– the evaluation criteria, denoting the main principles and criteria by which the
system design will be judged after simulation of all state variables,
– the design resources, denoting the main considered thermal dwelling design
options that may impact the evaluation criteria, and
– the system constraints and additional notes on the simulation models.
where-after we can focus on the main research question of this work.
5.1 Evaluation criteria
In an ideal world, ‘social welfare maximization’ is the main objective for judging pol-
icy measures or large-scale investments in societal infrastructure. Given the restricted
economic information (and knowledge) on this topic and the multi-actor context of
the research question, a set of evaluation criteria is defined which focuses on weight-
ing costs made by the different actors against the quality of delivered services by
the distribution system operator and general criteria external to the neighbourhood
system.
We elaborate on all considered evaluation criteria per actor in each subsection, i.e. the
dwelling owner and the distribution system operator. The different criteria are num-
bered by (a) to (e) in the following sections.
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5.1.1 Dwelling-related evaluation criteria
A dwelling owner generally decides on the design of the building envelope and system
for construction or renovation based on the the limited available investment capital
and the expected total cost of ownership. As such, performing a dwelling-related
optimization or sensitivity study from an energy point of view usually weighs the
present worth (PW) of the total cost of ownership TCO(x)i of a feasible design option x
in each year i of the project life cycle against the present worth of the resulting negative
externalities E(x)i :
min
x∈S
(
PWTCO(x), PWE(x)
)
(5.1)
where PWTCO(x) is the present worth of the total cost of ownership and PWE(x) the
present worth of all negative externalities of design option x. Doing so, the design
question weighs the cost the owner has to pay for its requested comfort, i.e. for space
heating and hot water, against the resulting (monetary and non-monetary) negative
externalities. Evaluating the effective cost of ownership and negative externalities
given a certain design option, however, requires excessive economical and physical
data which not all are related to the evaluation of the design options themselves. As
such, since the purpose of the analysis is not to evaluate a single project but to compare
variants, the aspects that do not differ amongst the different design options are not
required to be included.
As the negative externalities will be handled extensively in the following Sections 5.1.2
and 5.1.3, we will focus on the proposal of a design-related variant of TCO(x)i in the
image of marginal or specific total cost of ownership.
(a) Specific cost of ownership
The adopted criterion is the total cost of ownership which includes all expected costs
and benefits from the investments as well as the initial investment, where the lowest
cost of ownership is the financially most attractive option assuming that all other
factors are similar. To cover all comfort desires, the total cost of ownership TCOi in
the year i can be expressed as
TCOi = Ii +Oi − Ri (5.2)
where Ii are the investments, Oi are the operating costs regarding maintenance, modi-
fication and energy use, and Ri are the benefits.
In order to compare different design options with a single value, the present worth of
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the revenue requirement PWTCOa could be used, expressed as:
PWTCOa =
M
∑
i=0
TCOi
(1+ ar)i
s.t. ar = r− i (5.3)
where ar is the effective discount rate in real terms, r the discount rate, i the inflation
rate and M the life cycle of the project. When making abstraction of the TCOi which are
not related to nor influenced by the design options, the net present worth of the specific
cost of ownership remains as evaluation criteria. Given the previous statements, we
can formulate this objective as
Definition 5.1 (Specific Cost of Ownership) Let O(x)i be the operating cost and R
(x)
i be
the benefits of design option x at year i, let I(x)0 be the required capital investments to realise x
and ar the effective discount rate, we will say that PWTCO
(x)
r ∈ (0,+∞) defined as
PWTCO(x)r = I
(x)
0 +
M
∑
i=0
O(x)i
(1+ ar)i
−
M
∑
i=0
R(x)i
(1+ ar)i
(5.4)
is the ‘Present Worth of the Specific Cost of Ownership’ of design option x in M periods.
When based on a single-year simulation, the annual costs at each year i have to be
corrected by the annual price increase above inflation as O?i (1+ ro)
i and R?i (1+ rr)
i.
We will describe the considered beginning-of-life investments and operating costs
related to the dwelling design options x in the following paragraphs.
(a.1) Specific initial investments. Regarding the construction or renovation of dwellings,
certain measures always have to be taken under all conditions or at the end of system
component service life. Thus, calculating the total investment not necessarily reflects
the real investments of design x and we will focus on defining ‘specific’ initial invest-
ments for which the mutual difference reflect the real marginal investments.
The expected measures requiring specific initial investments are threefold, i.e. reducing
the overall heat transfer of the building envelope by insulating the opaque construc-
tions or selecting appropriate glazing, installing the heat pump based space heating
system depending on the eventual design heat load of the dwelling∗, and (optionally)
installing a photovoltaic system and the required inverter.
The effective costs of all causes for I(x)0 depend on the effective insulation level of the
building envelope and the nominal thermal capacities for all system components. A
summary of all I(x)0 is given in Table 5.5 on page 102 for all considered variants.
∗Because not all considered heating systems include the generation of domestic hot water, the required
hot water storage tank is not included in the specific initial investments.
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(a.2) Energy consumption and generation. In case of a heat pump based thermal energy
system and an optional photovoltaic system based in-home electricity system, the main
operating cost O(x)i and revenue R
(x)
i are the value of the (net) electricity consumption
or generation.
(a.3) Maintenance. We assume that the maintenance cost is equal for all proposed
building energy systems and thus it will be omitted in the specific cost of ownership.
Additionally, also replacement of systems is not considered as part of maintenance
costs because the new system is assumed to be unknown.
5.1.2 Distribution system related evaluation criteria
Ideally, performing a distribution system related optimization or sensitivity study
weighs the present worth (PW) of the minimum distribution system operators’ revenue
requirements RR(x)i to fulfil all required services for a feasible design option x in
year i of the project life cycle against the net present value of the resulting negative
externalities E(x)i :
min
x∈S
(
PWRR(x), PWE(x)
)
(5.5)
where PWRR(x) is the present worth of the revenue requirements for design option x.
Doing so, the design question weighs the cost the distribution system operators’ clients
have to pay for the formers core business, i.e. meeting the grid constraints, against the
resulting (monetary and non-monetary) negative externalities. Evaluating the effective
distribution system operators’ minimum revenue requirements and negative exter-
nalities given a certain design option, however, requires excessive economical data
which not all are related to the evaluation of the design option itself. As such, since
the purpose of the analysis is not to evaluate a single project but to compare variants,
the aspects that do not differ amongst the different design options are not required to
be included.
We will therefore propose a design-related variant of RR(x)i and E
(x)
i in the image of
marginal or specific revenue requirements and marginal or specific externalities. Both will
be discussed with respect to the design problem.
(b) Specific revenue requirements
The revenue requirement method assumes the distribution system operators’ expected
return on capital to be known and computes the minimum revenue required to cover
the operators’ operating costs, taxes, return requirement and recovery of capital.
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This minimum revenue can then be converted to a sale price, where the lowest sale
price is the financially most attractive option assuming that all other factors are sim-
ilar. To cover all costs, the revenue requirement RRi in the year i can be expressed as145
RRi = Oi +Πi + DB,i + ratVi + Ti (5.6)
RRi = Oi +Πi +
rat − τrb fb
1− τ
i−1
∑
j=0
(
Ii − DB,i
)
+
DB,i − τDT,i
1− τ (5.7)
where Oi are the operating costs,Πi the ad-valorem charges, DB,i the book depreciation
charge, Vi the unrecovered value of the investment at the beginning of year i, rat
the nominal after-tax rate of return on capital and Ti the income taxes. Given the
dependency of Ti and Vi on the other terms, Equation 5.6 can be rephrased into
Equation 5.7 where Ii are the capital investments, DT,i the tax depreciation charge, rb
the required rate of return on debt, fb the fraction of capital that is debt and τ the
effective tax income rate.
In order to compare different design options with a single value, the present worth
revenue requirement PWRR could be used, expressed as:
PWRRr =
M
∑
i=0
RRi
(1+ r)i
s.t. r = rat − τrb fb (5.8)
with r the effective after-tax rate of return and M the life cycle of the project. A system-
atic evaluation of the resulting double summation which appears after substituting
Equation 5.7 into Equation 5.8 shows that the book depreciation term DB,i disappears,
leaving only Oi, Πi, Ii and DT,i as variables which are normally known at the start of
each project and expressed as a function of the design option x.48 For capital intensive
energy projects, Πi, Ii and DT,i are normally expressed based on a rate multiplied
by the beginning-of-life investments I0, i.e. as pi I0, iI0 and dT I0 respectively.145 This
formulation leaves only the operating costs Oi and beginning-of-life investments I0
to be carefully studied, which allows us to reformulate PWRRr as the sum of a com-
ponent which covers the operating costs and a component which covers the costs
associated with capital. When making abstraction of the RRi which is not related to
nor influenced by the design options, the net present worth of the specific revenue
requirements remains as evaluation criterion. Given the previous statements, we can
formulate this objective as
Definition 5.2 (Specific Revenue Requirements) Let O(x)i be the operating cost of design
option x at year i, let I(x)0 be the required capital investments to realise x and r the effective
after-tax rate of return, we will say that PWRR(x)r ∈ (0,+∞) defined as
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PWRR(x)r = I
(x)
0 ZI +
M
∑
i=0
O(x)i
(1+ r)i
(5.9)
is the ‘Present Worth of the Specific Revenue Requirements’ of design option x in M periods
with ZI capital-associated present worth factor.
The required capital-associated present worth factor ZI in Equation 5.8 to weigh I
(x)
0
against all O(x)i can be defined based on previous statements as
ZI =
1
1− τ −
(
τ
1− τ
)
dT
crfr
+
pi
crfr
s.t. crfr ,
r
1− (1+ r)−M
(5.10)
where crfr is the capital recovery factor for rate r in M periods.
We describe the considered beginning-of-life investments and operating costs related to
the distribution system operators’ low-voltage portfolio management in the following
paragraphs.
The specific beginning-of-life capital investments I(x)0 for the case of low-voltage dis-
tribution consist of the required technical grid replacements to meet the distribution
system related constraints as elaborated in Section 5.3. The expected measures at dis-
tribution island level requiring initial investments are fourfold, i.e. the replacement of
the transformer by one with higher nominal capacity, the replacement of the feeder
cable by one with higher nominal capacity, the reconnection of the low-voltage link of
the dwelling with the feeder in case of a replacement of the respective feeder cable,
and the (reconnection and) replacement of the low-voltage link of the dwelling by
a three-phase equivalent. The cost of a possible new electricity meter is omitted as
optional required I(x)0 as it is no condicio sine qua non to make a technical design
work, but rather a market or control. The implementation of all causes for I(x)0 will be
discussed shortly in the following paragraph.
(b.1) Transformer replacement. A first essential part of I(x)0 is the possibly required
replacement of the distribution transformer by one with higher capacity to comply the
building designs with IEEE Std C57.91 and IEC Std 60287.87;90 Both standards subjects
the loading of transformers to a maximum current capacity as indicated in Table 5.3 by
treating cable loading as a thermal problem. Given a certain design of the buildings in
the distribution network and a violation of the above constraints, both standards can
be satisfied by replacing the transformer by one with higher capacity, and an overview
of the costs I(x)0 related to replacing a transformer is given in Table 5.1 on page 97.
(b.2) Feeder replacement. A second essential part of I(x)0 is the possibly required
replacement of the feeder cable by one with higher capacity to comply the building
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designs with IEC Std 60287 and Std EN 50160.47;87 The former International Std IEC
60287 subjects the loading of cables to a maximum current capacity as indicated
in Table 5.4 on page 98 by treating cable loading as a thermal problem. The latter
European Std EN 50160 subjects the voltage magnitude |uφ,n|(t) at each phase φ to
remain within (.90, 1.10) pu for more than 95 percent of the time each week at all
nodes n, and to remain within (.85, 1.15) pu all time at all nodes n. To determine these
restrictions, the standard assumes 10-minute intervals. Given a certain design of the
buildings in the distribution network and a violation of one of the above constraints,
both standards can be satisfied by replacing the feeder cable by one with higher
capacity, and an overview of the costs I(x)0 related to replacing a feeder cable is given
in Table 5.2.
(b.3) Reconnections by replacement. In case the feeder cable has to be replaced to
comply the building design with IEC Std 60287 and Std EN 50160 as stated in (a.2), all
dwellings have to be reconnected to the feeder. An overview of the costs I(x)0 related
to reconnecting a dwelling to the feeder is given in Table 5.2.
(b.4) 3-Phase reconnections. A third essential part of I(x)0 is the possibly required
reconnection of the renewed dwelling to the feeder cable by a three-phase connection
to comply the building designs with Std EN 50160.47;87 The European Std EN 50160
subjects the voltage unbalance factor VUFφ,n at each phase φ to remain below .02 for
more than 95 percent of the time each week at all nodes n. The present work uses the
IEEE definition for phase voltage unbalance rate defined as the ratio of the maximum
voltage deviation from the average phase to the average pahse voltage. To determine
these restrictions, the standard assumes 10-minute intervals. An overview of the costs
I(x)0 related to reconnecting a dwelling to the feeder is given in Table 5.2.
The specific annual operating costs O(x)i for the case of low-voltage distribution consist
of the required technical grid replacements related to maintenance and possible effi-
ciency losses caused by depicted design option. Here, the expected distinct operating
costs at distribution island level are twofold, i.e. the accelerated ageing of the MV/LV-
transformer caused by increasing loads as described in IEEE Std C57.91 regarding
transformer loading, and the annual energy losses caused by ohmic heating of the
distribution cables and transformer.
The implementation of both causes for O(x)i will be discussed shortly in the following
paragraph.
(b.5) Transformer ageing. Most transformer failures are related to deterioration of
insulation, e.g. thermally upgraded oil-impregnated paper. In accordance with generic
material ageing models, the ageing of MV/LV-transformers can be described by Arrhe-
nius’ empirical theory on reaction rates employing temperature elevation as driving
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Table 5.1: Average cost values excluding value-added tax for the replacement of a
MV/LV-transformer with rated nominal capacity of 250, 400 and 630 kVA; according
to eandis cvba a.
250 kVA 400 kVA 630 kVA
Average replacement cost value for a 10/0.4-kV transformer EUR 7 074,- EUR 9 741,- EUR 13 396,-
Table 5.2: Average cost values to replace 100 meter underground LV-cables depending
on their location, with an additional cost per dwelling to re-connect them.a,b
Meadow Sidewalk Roadway Re-connect
Average replacement cost values for LV-cables EUR 2 317,- EUR 4 618,- EUR 6 944,- EUR 431,-
aValues obtained through personal communication with eandis cvba de dato October 19, 2012.
bIf the connection itself has to be replaced, the re-connection cost must be doubled.
Table 5.3: Rated transformer impedance values derived from NBN C33.322 for an
operating temperature of 45◦C, and rated transformer thermal properties derived
from IEEE C57.91 and manufacturer data at an ambient temperature of 20◦C.90;134;173
R X Ths,r Tto,r Rr n τto,r τhs,r
160 kVA-rated 10/0.4-kV transformer 0.014 Ω 0.034 Ω 75◦C 55◦C 6.7 0.8 210’ 5’
250 kVA-rated 10/0.4-kV transformer .013 Ω 0.038 Ω 75◦C 55◦C 6.4 0.8 210’ 5’
400 kVA-rated 10/0.4-kV transformer .009 Ω 0.042 Ω 75◦C 55◦C 6.3 0.8 210’ 5’
force. Although the use of this theory is debatable,39 it is adopted as conservative
estimate in IEEE Std C57.91.90 The latter standard defines an equivalent ageing factor
F(k)eq,a ∈ (0,+∞) of transformer k based on its winding hottest-spot temperature Ths(t),
expresses the ageing of a transformer relative to the normal ageing, which is defined
by IEEE Std C57.91 as a minimum life expectancy of 180.103 hours at a reference
hottest-spot temperature Ths,0 of 80◦C above ambient.90
(b.6) Energy losses. Although the electrical energy losses caused by ohmic heating
in the feeder cables and transformer are generally considered to be small, they are
included as part of O(x)i . The overall loss is defined by integrating ∑j R
(j)
φ (i
(j)
φ (t))
2 for
all components j based on the cable and transformer parameters given in Table 5.3
and Table 5.4 respectively.
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Table 5.4: Current carrying capacity of the most-used cable sections for LV-electricity
distribution.
exavb 4g35 exavb 4g50 exavb 4g70 exavb 4g95 exavb 4g120 exavb 4g150
Imax, A 205 A 215 A 225 A 245 A 280 A 315 A
(c) Voltage fluctuations
The changing electrical loads caused by building energy measures have a possible
impact on the voltage fluctuations in the low-voltage distribution network. These fluc-
tuations have a direct impact on PWRR(x)r when they violate the existing constraints
as elaborated in Section 5.3. However, even when these constraints are not violated,
they may be a measure for the quality of the delivered management by the distribution
system operator or they can be related to (undefined) externalities in different systems
as shown earlier in Figure 1.1 on page 2. As such, to describe these occurring voltage
fluctuations in the low-voltage distribution network, we can formulate an additional
objective as:
Definition 5.3 (Characteristic Voltage Deviation) Let u(k)φ,d(t) be the line voltage of phase
φ in feeder k at day d and u(k)0 be the reference voltage, we will say that U
(x)
φ ∈ (0,∞) defined
as
U(x),rmsφ =
[
1
nd
nd
∑
d=1
max
τ10
(∣∣∣u(k)φ,d(t)∣∣∣− u(k)0 )2
]0.5
(5.11)
is the ‘Characteristic Daily Voltage Deviation’ of feeder k over period of nd days.
As such, the characteristic voltage deviation describes the quadratic mean of the daily
peak voltage deviation in comparison to the reference voltage u(k)0 , i.e. 230 V.
5.1.3 Shortcomings of proposed criteria
Three main (and six sub-) evaluation criteria have been proposed so far which nat-
urally do not describe the entire problem unequivocally: The present worth of the
total cost of ownership which can be split into the required initial investment and
the annual cost of operation; the present worth of the distribution system operators’
revenue requirements which can be split up into transformer loading, cable loading,
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voltage deviations and voltage unbalance problems; and a distribution system opera-
tors’ quality indicator by means of the characteristic voltage deviation.
Some general comments can be made on the shortcomings of the proposed evaluation
criteria PWTCO(x)r , PWRR
(x)
r and U
(x)
φ :
– The available investment capital is assumed to be infinite for both the dwelling
owner, the distribution system operator as well as their combined investment
capital. The possible impact of a finite investment capital will not be addressed
in the presented work.
– All monetary costs are treated equal independently on who needs to pay them,
e.g. investments made by the distribution system operator are generally spread
over all customers including those who do not affect nor cause the related costs.
The possible impact of redistribution of costs will not be addressed in the present
work.
– Demand response are excluded as possibility to meet all grid constraints. The
resulting externalities, as such, may serve as a benchmark for control strategies
and utility programs.
Additionally, the proposed evaluation criteria say little (to none) about the overall
dependency of the proposed neighbourhood design x on the ‘backbone’ electricity
grid to which the low-voltage distribution islands are connected. Two additionally
evaluation criteria are therefore proposed:
(d) Backbone power capacity
The proposed ‘Backbone Power Capacity’ P(x)bb depicts the capacity required to dis-
tribute and generate the electricity demanded by the depicted low-voltage distribution
island at its peak energy demand.
It is as such a measure for possible (unquantified) required investments in the genera-
tion facilities, the distribution system operators’ mid-voltage network or the transmis-
sion system.
(e) Backbone electricity demand
The proposed ‘Backbone Electricity Demand’ E(x)bb depicts the total annual electric-
ity demand of the depicted low-voltage distribution island, i.e. different from the net
power consumption for which the injection of a possible excess of photovoltaic gener-
ation into the mid-voltage grid is included in the integration.
It is as such a measure for possible (unquantified) required investments in the genera-
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tion facilities, the distribution system operators’ mid-voltage network or the transmis-
sion system.
Five main evaluation criteria (and their physical components) are considered in the
present work: the present worth of the dwelling owner’s total cost of ownership
PWTCO(x)r , the present worth of the distribution system operators’ revenue require-
ments PWRR(x)r , the characteristic daily voltage deviation U
(x)
φ , the required backbone
power capacity P(x)bb and the resulting backbone electricity demand E
(x)
bb .
5.2 Design resources
To estimate the impact of low-energy dwellings on low-voltage distribution networks
and to identify the potential to optimize the thermal dwelling properties for its exter-
nalities, we consider a set of scenarios and a set of design resources the distribution
system operator and the dwelling owner have to influence their mutual impact.
5.2.1 Distribution system design resources
We start from the assumption that the low-voltage distribution network is not de-
signed, i.e. its topology and parameters are independent of the dwellings and equal to
the considered urban and rural case in a ‘strong’, ‘moderate’ and ‘weak’ variant.
Given the network typology, the distribution system operator has a set of design re-
sources to tackle occurring problems, i.e. replacing the 10/0.4-kV transformer generally
by an exemplar with a rated capacity of 160, 250, 400 or 630 kVA, replacing the low-
voltage feeder cables generally by default by an exemplar from the type exavb4g150,
and replacing the connections of the dwelling to the feeder, generally by a three-phase
connection or by one with higher rated capacity.
Thus, adaptive control of residential loads is not considered as an option in the present
work.† As such, the obtained monetary evaluation criteria PWTCOr and PWRRr may
serve as a benchmark for demand response aiming to satisfy the same grid constraints.
5.2.2 Dwelling design resoures
Contrary to the distribution system operator, dwelling owners define technical aspects
of their dwelling based on their investment capital, possible future gains and con-
†The authors of the present work have explored the option of adaptive control for photovoltaic inverter
curtailment in R.De Coninck et al. (2013) 40. However, as under-voltages have been found the main constraint
in the following sections, the observed potential of these control methods is left out the present work.
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straints defined by legislations. Here, the dwelling designer has three distinct options,
i.e. selecting the building envelope design variables, selecting the heating system de-
sign variables and selecting the electricity system design variables.
All three have a possible distinct impact on the proposed evaluation criteria, and we
elaborate on all considered options in the following paragraphs.
Building envelope design variables
The design of the building envelope has a direct impact on a set of variables which
define the earlier stated evaluation criteria. On the one side, the overall thermal quality
of the building envelope defines to a large extend the design heat load of the dwelling
and the resulting required capacity Q˙0 of the heat pump and heat emission system
components. On the other hand, the building envelope and related capacity defines the
(length of the) heating season and the resulting seasonality of the residential electrical
load. Both have a direct impact on the I0 and Oi of the dwelling owner, as well as on
all currents and voltages in the electricity distribution network.
Six different thermal qualities of the building envelope are proposed and considered
in the present work, indicated as V1 to V6 in Table 5.5. The proposed six versions differ
in their heat transmission coefficients for the windows ranging between 1.80 and 0.70
W/m2K, for the exterior walls and roofs ranging between 0.24 and 0.08 W/m2K and the
slab-on-ground ranging between 0.30 and 0.10 W/m2K. Depending on the dwelling
type, these heat transmission coefficients result in a wide or narrow range of the overall
heat transfer rates and resulting design heat loads Q˙0, i.e. between 6.7 and 9.8 kW for
the detached dwelling, between 5.2 and 7.2 kW for the semi-detached dwelling and
between 4.0 and 5.4 kW for the terraced dwelling according to the European Std. EN
12831 and a reheating factor 0.11 W/m2. Similarly, these heat transmission coefficients
result in a wide or narrow range of the required initial investments I0 for the building
envelope, i.e. between EUR 89k and 124k for the detached dwelling, between EUR 64k
and 89k for the semi-detached dwelling and between EUR 38k and 54k for the terraced
dwelling based on the economical data provided by J.Vanderveken et al. .190
The proposed ranges depict that the lowest-quality V1 meets the current minimum
requirements of the Flemish Energy Performance of Buildings Directive de dato 2015
for new buildings or extensive renovations.
Heating system design variables
Also the design of the heating system has a direct impact on a set of variables which
define the earlier stated evaluation criteria. On the one side, the heating system defines
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Table 5.5: General properties of the considered six thermal qualities of the building
envelope for the detached, semi-detached and terraced dwelling. The ?-annotated
numbers are corrected to a 5 kW system when domestic hot water is provided by the
heat pump.
V1 V2 V3 V4 V5 V6
Windows 1.80 1.40 1.10 1.00 0.70 0.70
U-value, W/m2K Exterior walls 0.24 0.24 0.20 0.16 0.12 0.08
Roofs 0.24 0.24 0.20 0.16 0.12 0.08
Slab-on-ground 0.30 0.30 0.25 0.20 0.15 0.10
Detached 237.3 212.1 172.6 145.6 106.1 85.4
heat transfer UAtot , W/K Semi-detached 175.1 156.2 127.0 107.3 78.1 63.1
Terraced 118.9 104.5 84.7 72.1 52.3 43.2
Detached 9 840 9 530 8 740 8 120 7 280 6 690
Space heating Q˙0, W Semi-detached 7 150 6 910 6 420 6 050 5 520 5 180
Terraced 5 370 5 190 ?4 850 ?4 610 ?4 250 ?4 020
Detached 88 799 88 925 90 334 96 385 108 958 124 047
Spec. building I(x)0 , EUR Semi-detached 63 721 63 816 64 835 69 181 78 267 89 085
Terraced 38 311 38 383 38 998 41 606 47 280 53 732
Detached 10 206 10 094 9 794 9 569 9 269 9 044
ACHP system I(x)0 , EUR Semi-detached 9 194 9 119 8 931 8 819 8 594 8 481
Terraced 8 556 8 481 ?8 369 ?8 256 ?8 144 8 031
Detached 19 118 18 836 18 084 17 539 16 768 16 204
GCHP system I(x)0 , EUR Semi-detached 16 674 16 392 15 922 15 640 15 076 14 794
Terraced 14 982 14 794 ?14 512 ?14 230 ?13 948 ?13 666
to a large extent the heating efficiency and the resulting electric load in relation to the
thermal design capacity Q˙0 of the heat pump. On the other hand, the heating system
and related efficiency defines the resulting seasonality of the residential electrical load.
Additionally, both have a direct impact on the I0 and Oi of the dwelling owner, as well
as on all currents and voltages in the electricity distribution network.
Four different heating systems are proposed and considered in the present work, for
which a graphical overview is given in Figure 5.2. The basic heating system design con-
cept is a heat pump based hydronic space heating system (without additional storage)
connected to low-temperature radiators for space heating and combined with a gas-
fired geyser for domestic hot water. Two variants of this concept are defined, i.e. one
with an air-water heat pump whose evaporator temperature (and thus efficiency) is
function of the outdoor air temperature and one with a ground-coupled water-water
heat pump whose evaporator temperature (and thus efficiency) is assumed constant
based on the average ground temperature. Both systems are indicated as ACHP and
GCHP respectively in Table 5.5 and the heat pumps are sized equal to the design heat
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load as defined based on European Std. EN 12831. Additionally, a second heating
system design is considered in which the central air-water or water-water heat pump
also provides the heat for domestic hot water based on a hot water storage tank. In
case the design heat load for space heating is lower than 5 kW, the heat pump is given
a nominal capacity of 5 kW to provide domestic hot water. Its function can be assisted
by a solar collector as shown in Figure 5.1 and 5.2, but this option is omitted due to
the limited difference in impact between both system design as will be denoted later.
The design of the space heating systems and the dependence of the required invest-
ments I0 on the design heat load Q˙0 narrows the range of the overall required I0 for all
versions V1 to V6. As elaborated in Table 5.5, the required initial investments I0 for the
heating systems range between EUR 9k and 19k for the detached dwelling, between
EUR 8k and 17k for the semi-detached dwelling and between EUR 8k and 15k for the
terraced dwelling based on the economical data provided by J.Vanderveken et al. .190
A detailed description of the heating system simulation models is given in Section 5.3
on page 106 and beyond.
Electricity system design variables
At last, also the design of the electric system has a direct impact on a set of variables
which define the earlier stated evaluation criteria, i.e. in the case of the integration of
photovoltaic systems which define the net energy demand and the resulting seasonality
of the residential electrical load. Additionally, it has a direct impact on the I0 and Oi of
the dwelling owner, as well as on all currents and voltages in the electricity distribution
network.
Four different electric systems are proposed and considered in the presented work
related to the sizing of a possible photovoltaic system, i.e. 0, 33, 66 and 100 percent
of the available roof size area for photovoltaic panels set equal to 80 percent of the
south oriented roof pane or limited to 5 kW. As such, the detached and semi-detached
dwellings have a rooftop-mounted photovoltaic system of maximum 5 kW, whereas
the terraced dwelling has a maximum of 4.2 kW.
5.2.3 All-case summary
Two feeder typologies have been defined earlier in Section 3.3 on page 37 and beyond,
and the assumed three heating and photovoltaic system implementation scenarios
have been elaborated earlier on in Section 3.3.3 on page 45. On the one hand, we
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Figure 5.1: Graphical overview of the first set of considered building heating systems:
The basic system consists of low-temperature radiators for space heating combined
with an air-to-water or ground-coupled heat pump. Additionally, domestic hot water
is provided by a gas-fired boiler.
The indicated system components are (a) the radiators, (b) the room thermostat, (c)
the building energy management system, (d) the hot water distribution, (e) the solar
collector, (f) the thermostatic radiator valve, (g) the collector, (h) the borefield, (j) the
cold water supply, (k) the heat pump and (l) the gas-fired boiler.
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Figure 5.2: Graphical overview of the second set of considered building heating system:
The basic system consists of low-temperature radiators for space heating combined
with an air-to-water or ground-coupled heat pump. Additionally, domestic hot water
is provided by the same heat pump and an additional storage tank, optionally assisted
by a solar collector.
The indicated system components are (a) the radiators, (b) the room thermostat, (c)
the building energy management system, (d) the hot water distribution, (e) the solar
collector, (f) the thermostatic radiator valve, (g) the collector, (h) the borefield, (i) the
domestic hot water storage tank, (j) the cold water supply and (k) the heat pump.
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defined an urban and rural neighbourhood typology and described their topology
based on the cable lengths and the considered dwelling typologies. For each of these
two cases, three variants have been proposed given the uncertainty of or spread on
the distribution network parameters. On the other hand, given the uncertainty in
future policy targets and (related) technology developments, we arbitrarily rendered
the conjecture that the impact of low-energy dwellings at the low-voltage distribution
grid can be evaluated based on three arbitrary degrees of implementation below which
the distribution system operation will remain unaffected, i.e. for which 20, 40 and 60
percent of the dwellings have a heat pump based heating system, one of the depicted
insulation levels and possibly a photovoltaic system. The stated conjecture contained
two main statements, i.e. the assumed degrees of implementation and the assumption
that distribution system operation will remain unaffected at these rates.
Combining the two defined neighbourhood typologies with the considered three
strengths and the three stated system implementation scenarios with the considered
six building envelope versions, four heating systems and four levels of photovoltaic
generation, a total set of 1728 combinations are simulated and evaluated.
5.3 System constraints
and additional simulation notes
All simulations are performed based on the implemented thermal and electric system
components in IDEAS 0.3 as described in Section 3.2, and based on the implemented
stochastic occupant behaviour regarding electric and thermal services in StROBe as de-
scribed in Chapter 4. Given the above and previous description of the neighbourhood
typologies, the building envelope variants, the considered heating and photovoltaic
systems and the related occupant behaviour, some additional model details must be
clarified regarding the performed simulations in IDEAS 0.3.
Climate descriptions. All simulations are performed for the typical moderate
climate of Belgium and daylight saving time is taken into account. Irradiance data
with a time resolution of 1 minute are obtained by Meteonorm v6.1 for the moderate
climate of Uccle (Belgium) based on the period 1981-2000.129 Here, the minimum
and maximum outdoor temperature equal -7.6◦C and 29.4◦C respectively, whereas the
annual global horizontal radiation equals 965 kWh/m2.
Summer comfort. All simulated buildings are equipped with exterior solar screens
with a total transmittance of 0.24, and with balanced ventilation and a central heat re-
covery system with a nominal efficiency of 84 percent and a nominal ventilation rate of
0.5 air-changes per hour. To provide summer comfort, the heat recovery component is
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bypassed when the indoor operative temperature in the day-zone Top,d(t) raises above
25◦C and recommissioned when this temperature drops below 24◦C. Additionally, the
solar screens are lowered when the global horizontal radiation raises above 250 W/m2
and raised again below 150 W/m2 when the indoor temperature exceeds 24◦C.
Heat pump performance. The coefficient of performance required for the transient
heat pump model is based on the interpolation of a multi-dimensional performance
map from manufacturer data. The interpolation defines the instantaneous heating
power Q˙hp(t) and electricity use Php(t) of the heat pump as a function of the condenser
outlet temperature, the average evaporator temperature and a part-load modulation
limited to thirty percent. The coefficient of performance (based on manufacturer data)
is 3.17 at test conditions with an evaporator temperature of 2◦C and a condenser
temperature of 35◦C and is 2.44 at test conditions with an evaporator temperature of
2◦C and a condenser temperature of 45◦C for full load operation.
Heating system control. A central on/off room thermostat is implemented in
the day-zone for control of the space heating system whose signal depends on the
difference between the room operative temperature Top,d(t) and the day-zone room
set-point temperature Tsh,d(t) given by the user occupant model, including a hysteresis
of 0.5◦C. In the night-zone, thermostatic radiator valves are implemented whose signal
is defined as a proportional controller using the room operative temperature Top,d(t)
and the night-zone room set-point temperature Tsh,n(t) given by the user occupant
model.
The heat pump is controlled based on the on/off-signal from the central room thermo-
stat and set-point values for the hot water storage tank if applicable. The set-point for
the supply temperature regarding space heating is defined by a linear heating curve
demanding 55◦C at a daily-average outdoor temperature of -8◦C and 20◦C at a daily-
average outdoor temperature of 15◦C independently of the building envelope. The
set-point for the supply temperature regarding domestic hot water is 60◦C and will be
delivered if the top sensor temperature of the storage tank is 3◦C below its set-point of
55◦C and until the bottom sensor temperature is 3◦C above this set-point. The 200 L
hot water storage tank is simulated with five stratification layers, an external heat
transfer coefficient of 0.40 W/m2K, and a sensor in the upper and fourth stratification
layer.
Distribution system model. The low-voltage electricity distribution system is
modelled as an unbalance three-phase AC grid to which the dwellings are coupled t
owith a single-phase connection. The medium-voltage grid to which the low-voltage
feeders are connected with a transformer is assumed to be at a constant voltage.
Voltage constraints. To meet the European Std EN 50160, the inverter of the photo-
voltaic system is curtailed at 110 percent of |uφ,0|, i.e. at 253 V, where-after the voltage
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is checked every three minutes for re-commissioning. Contrary, and due to lacking
information on the operation under those conditions, we assumed that residential
appliances and the heat pump remain working when the nodal voltage drops below
90 or 85 percent of |uφ,0|.
Electricity prices. To perform the economical evaluation regarding PWTCOr and
PWRRr, assumptions are made on the electricity price and its inflation based on the
data provided by the Directorate-General Eurostat of the European Commission.50
Three different commodity prices will be used for electricity depending on the ‘type’
of electricity current. At first, a standard electricity price Pel,0 is defined for net demand
of electricity from the grid. This unit price per kWh usually depends on the annual
energy use in the Belgian context for which three price scales are used, i.e. below
and/or above 1 and 2.5 MWh respectively. In the presented work, we adopt a single
Pel,0 of EUR 0.233 per kWh in accordance with the average price given by Eurostat.
Similarly, an electricity price Pel,inj is defined for net supply of electricity to the grid
caused by an excess photovoltaic generation. From a macroeconomic point of view,
the injected energy can not have the same value as Pel,0 as the real market price for
generated electricity transmitted to the grid is much lower than the price requested
for it to the client. As such, we adopt a Pel,ing of EUR 0.050 per kWh for the injection
of excess local generation. At last, an electricity price Pel,loss is defined for all Ohmic
losses in the grid. In the presented work, we adopt the standard electricity price Pel,0
deduced by its value-added tax among other taxes resulting in EUR 0.176 per kWh in
accordance with the average price given by Eurostat.50
Discount and inflation rates. On the one side, a real discount or interest rate of
3 percent is assumed based on the guidelines for Regulation No 244/2012 of the
European Commission, i.e. excluding inflation.46
On the other side, the actual average inflation in Belgium is 1.88 percent per
year for both the last ten and twenty years. The inflation of the electricity prices
is slightly higher: a linear inflation of 2.34 percent per year is estimated by the
European Commission as a general electricity price development trend for the period
up to 2030.44 The resulting adopted real inflation of the electricity prices is 0.49 percent.
Life span hypothesis. All present worth values are defined for a life span M of 30
years based on the expected life span of buildings. Given the above stated discount or
interest rate, the capital-associated present worth factor Zi equals 1.4.
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5.4 General results
To justify the approach of the performed result analysis in the following sections,
we give a short overview of all simulation results concerning the stated five main
evaluation criteria in function of the main scenarios.
The following Figure reffig:ObjImpl gives a basic visualization of all neighbourhood
simulation data set using parallel coordinates, disaggregated for the rural (left) and
urban (right) case, and for the considered feeder strengths in Figure 5.3 as defined
in Table 3.1 on page 44 or for the considered degrees of implementation in Figure
5.4 as defined in Section 3.3.3 on page 45. The presented data denote the five stated
main criteria, i.e. the characteristic voltage deviation Urmsφ , the backbone electricity de-
mand Ebb, required backbone capacity Pbb, and the present worth of the distribution
system operators’ revenue requirements PWRRr and of the dwelling’s cost of owner-
ship PWTCOr. The latter four are presented for the entire neighbourhood, thus not
normalized per building. The used colour scale denotes the building insulation level
of the dwelling in the neighbourhood, i.e. the depicted { V1, V2, V3, V4, V5, V6 } in
Table 5.5 on page 102. Given this visualization, a few basic observations can be put
forward which allows structuring a more detailed analysis:
– The sensitivity of the main evaluation criteria related to the distribution system
operation on the proposed design variables strongly differs for the rural and
urban neighbourhood.
– Considering the rural neighbourhood simulations, the main dispersion of Ebb,
Pbb and PWTCOr may be attributed to the considered degree of implementation
and the building insulation level whereas Urmsφ and PWRRr are additionally
influenced by the considered feeder strength.
– Considering the urban neighbourhood simulations, the influence of the consid-
ered building insulation levels can not be suggested straightforwardly due to
the strong overlap of Urmsφ and PWTRRr.
To substantiate these observations, a stepwise linear regression has been carried out
by means of backward elimination based on a minimisation of the Akaike information
criterion, formulating all evaluation criteria yi in the form
yi ∝ xTi β+ εi , ∀i (5.12)
To estimate the relative importance of the main design criteria for each evaluation
criterion, we compare the regression coefficients of the regression after normalizing
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Figure 5.3: Basic visualization of all neighborhood simulation data sets using parallel
coordinates; disaggregated for the rural (left) and urban (right) case, and the consid-
ered feeder strengths. The presented data denote the five stated main criteria, i.e. the
characteristic voltage deviation Urmsφ , the backbone power consumption and required
capacity Ebb and Pbb, and the present worth of the distribution system operators’ rev-
enue requirements PWRRr and of the dwelling’s cost of ownership PWTCOr. The
latter four are presented for the entire neighborhood, thus not normalized per build-
ing.
The color scale denotes the building insulation level of the dwelling in the neighbor-
hood, i.e. the depicted { V1, V2, V3, V4, V5, V6 }.
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Figure 5.4: Basic visualization of all neighborhood simulation data sets using parallel
coordinates; disaggregated for the rural (left) and urban (right) case, and the con-
sidered degrees of implementation. The presented data denote the five stated main
criteria, i.e. the characteristic voltage deviation Urmsφ , the backbone power consump-
tion and required capacity Ebb and Pbb, and the present worth of the distribution
system operators’ revenue requirements PWRRr and of the dwelling’s cost of own-
ership PWTCOr. The latter four are presented for the entire neighborhood, thus not
normalized per building.
The color scale denotes the building insulation level of the dwelling in the neighbor-
hood, i.e. the depicted { V1, V2, V3, V4, V5, V6 }.
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Table 5.6: Regression coefficients defined by backward elimination based on Akaike
information criterion minimization and stepwise regression of the normalized evalua-
tion criteria and (converted) design variables ux.
Rural Urban
u′f ee x
′
impl u
′
ins u
′
sys x′ppv u′f ee x
′
impl u
′
ins u
′
sys x′ppv
Norm. Ebb - 0.125 0.136 (.014) 0.154 - 0.105 0.076 (.035) 0.135
Norm. Pbb (.028) 0.474 0.189 - - - 0.274 0.128 (.017) -
Norm. Urmsφ 0.198 0.198 0.202 0.068 - 0.698 0.076 0.071 - (.005)
Norm. PWRRr 1.036 0.684 0.323 0.148 - 0.168 0.515 (.037) (.009) -
Norm. PWTCOr - 0.936 0.139 0.066 (.015) - 1.057 0.137 (.017) (.033)
all values xi, yi to x′i , y
′
i by (xi − 〈xi〉)/〈xi〉 with 〈xi〉 the average of all values xi and by
converting categorical variables xi to predictor variables u′xi ∈ (−1, 1). An overview
of the regression coefficients for the stated five main evaluation criteria is given in
Table 5.6 adopting the considered feeder strength u′f ee, the degree of implementation
x′imp, the building insulation level u
′
ins, the building heating system type u
′
sys and the
relative roof area for photovoltaic generation x′ppv as design variables.
Given these regression coefficients and the missing design variables as declined by
the Akaike information criterion, the above stated conjectures can be refined and/or
confirmed as basis for the structure for detailed analysis in the following sections:
– The difference in sensitivity of Urmsφ and PWRRr on the proposed design vari-
ables for the rural and urban neighbourhood respectively is twofold:
a. Whereas Urmsφ equally depends on the feeder strength, the degree of imple-
mentation and on the building insulation level for the rural neighbourhood
simulations, it is strongly dominated by the feeder strength for the urban
neighbourhood simulations.
b. Whereas PWRRr hierarchically depends on the feeder strength, the degree
of implementation, the building insulation level and the heating system
for the rural neighbourhood simulations, it is strongly dominated by the
degree of implementation and to a lesser extent by the feeder strength for
the urban neighbourhood simulations.
– The main dispersion of Ebb and PWTCOr may indeed be attributed to the con-
sidered degree of implementation and all building and system design variables
based on the omitted u′f ee.
– The stated similar observation for Pbb is not so clear for the rural case as indicated
by a small correlation with the feeder strength u f ee caused by high Ohmic losses
at peak loads.
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Additionally, Ebb, Pbb and PWTCOr (and also Urmsφ and PWTRRr for the urban neigh-
bourhood simulations) do not seem to be influenced by the considered heating systems
u′sys. However, we must note that a possible correlation between the heating system
and evaluation criteria may be biased by the conversion from categorical variables x
to predictor variables u′x ∈ (−1, 1), and should therefore be treated with care.
As such, given the above observations, we will treat the rural and urban neighbour-
hoods separately in Section 5.5 and Section 5.6 respectively.
The evaluation criteria related to the distribution system operation will be evaluated
first as they seem to have the highest dimensionality, i.e. the characteristic voltage
deviation Urmsφ and present worth revenue requirements PWRRr. In a second step,
the observed PWRRr is expressed in relation to the present worth cost of ownership
PWTCOr resulting in possible changes of the Pareto front as often used in building
energy evaluations. In a last step, the backbone power consumption Ebb and required
capacity Pbb are included as additional last criteria. In this way, we try to tackle the
high dimensionality of all results.
5.5 Dwelling externalities in a rural context
In the following section, the simulation results of the considered rural cases are dis-
cussed in detail. The adopted structure is threefold: At first, we focus on the impact
of the building design variables on the evaluation criteria related to the distribution
system operator, i.e. the characteristic voltage deviation and the present worth revenue
requirements. Here, a stepwise linear regression is adopted to indicate the possibility
of predicting these evaluation criteria based on building properties. Second, we weigh
the economic evaluation criteria against each other, i.e. the present worth revenue re-
quirements from the distribution system operator against the present worth of the
total cost of ownership. As such, we may indicate whether choosing adapted building
design variables to avoid grid constraint violations is economically sensible. At last,
the evaluation criteria related to the backbone grid are included in the discussion,
i.e. the backbone peak load and electricity demand.
5.5.1 Estimating distribution system criteria
The main proposed distribution system criteria are the characteristic daily voltage
deviation Urmsφ and the present worth revenue requirements PWRRr. In the following
paragraphs, we aim to identify and estimate the impact of the building energy design
variables on the stated evaluation criteria.
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Figure 5.5: Empirical cumulative distribution functions (ecdf) of the number of the
observed characteristic voltage deviations Urmsφ (left) and present worth of the revenue
requirements PWRRr (right) for the rural neighborhood simulations; disaggregated
per feeder strength.
As earlier, a stepwise linear regression by means of backward elimination based on a
minimisation of the Akaike information criterion will be used to structure the analyses,
formulating all evaluation criteria yi in the form xTi β+ εi after normalizing all values
xi, yi and converting categorical variables xi to predictor variables u′xi ∈ (−1, 1). To
limit the influence of categorical variables, four physical variables have been addition-
ally included, i.e. the average and total building heat transfer coefficient UAb and the
average and total nominal heat pump capacity Q0,hp.
Note that the aim is not to make a detailed parametrized model based on linear
regression nor to state that linear regression may be the most appropriate method to
estimate the depicted evaluation criteria.
Characteristic voltage deviations
The characteristic voltage deviations Urmsφ for the rural neighbourhood simulations lie
within a wide range of (0.026,0.089) pu in comparison to the range (0.026,0.042) pu for
reference simulations without heat pump and photovoltaic system integration.
A first estimate of Urmsφ based on the above stepwise linear regression based on the
Akaike information criterion in the form xTi β+ εi 7→ yi gives[
u f ee, usys, 〈UAb〉, ximpl , 〈Q0,hp〉
]T
β+ ε 7→ Urmsφ s.t. σˆ = 0.131 (5.13)
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wherefore the order of notation is defined by decreasing Akaike information crite-
rion‡ and where σˆ is the residual standard error of the regression for normalized
variables x′i , y
′
i . Two observations stand out in the proposed regression. On the one
side, the observed characteristic voltage deviations do not seem to be influenced by
the integration of photovoltaic generation as denoted by the absence of xppv in the
regression. Upon closer inspection, the design variable is not rejected based on the
Akaike information criterion but rejected due to its p-value above 0.1. As such, for the
considered rural case, Urmsφ seems dominated by the heat pump based system loads in
contrast to the photovoltaic loads. On the other hand, due to the natural dependency
of nodal feeder voltages uφ(t) on the present line impedances, the scenario parameters
regarding feeder strength (and considered degree of implementation) show to be of
greater importance than the building design variables. The latter is shown clearly in
Figure 5.5 denoting the empirical cumulative distribution functions of the observed
characteristic voltage deviation Urmsφ for which the range (0.026,0.054) pu of the con-
sidered strong case merely overlaps the range (0.042,0.089) pu of the considered weak
case in comparison to 0.026 and 0.042 respectively for reference simulations without
heat pump and photovoltaic system integration.
Removing the feeder strength u f ee from regression 5.13 by estimating the character-
istic voltage deviation conditional to the feeder strength Urmsφ |u f ee strongly reduces
the (normalized) residual standard error σˆ to 0.080. The resulting remaining order
of importance remains the same. The resulting relation between Urmsφ |u f ee and the
main building design variables depicting the space heating system type usys, the aver-
age building heat transfer coefficient 〈UAb〉 and average (thermal) heat pump power
〈Q0,hp〉 is shown in Figure 5.6. Here, the impact of these design variables stands out
in the proposed relations.
First, considering the heating system usys, using the heat pump for domestic hot wa-
ter creates an offset in the expected characteristic voltage deviation Urmsφ |u f ee of 20.2
percent for the air-coupled heat pumps and 25.8 percent for the ground-coupled heat
pump systems, relative to the same set of design variables x without domestic hot
water. This offset is caused by the domination of Urmsφ by the heat pump loads and
providing domestic hot water forces the heat pump to work daily. Additionally, while
the ground-coupled heat pumps systematically result in a lower characteristic voltage
deviation than the air-coupled heat pumps, its difference is negligible in comparison
to the impact of the other design variables. Second, the average building heat trans-
fer 〈UAb〉 seems a good predictor for the characteristic voltage deviation Urmsφ |u f ee as
denoted in Figure 5.5. Here, the same reason counts as for the impact of including
‡The notation based on decreasing Akaike information criterion denotes that the first noted design vari-
able explains the largest variation in the linear regression.
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Figure 5.6: Correlation between the characteristic voltage deviation Urmsφ on the one
hand, and the average building heat transfer coefficient 〈UAb〉 (left) and installed heat
pump capacity Q0,hp (right) for the rural strong (upper) and weak (lower) neighbour-
hood simulations. The different symbols denote the considered four heating systems.
domestic hot water: the characteristic voltage deviation Urmsφ is dominated by the
heat pump loads and it is the average building heat transfer 〈UAb〉 which determines
the heating system and resulting operating time of the heat pumps. The downward
outliers are the rural neighbourhood simulations with a degree of implementation
of 60 percent for which the additional heat pumps in comparison to 40 percent do
not mainly occur in the feeder with the highest voltage deviations thus having little
impact on the highest observed Urmsφ . The latter is however case dependent and not to
be generalised. At last, considering the total installed nominal (thermal) heat pump
power Q0,hp as a predictor for the characteristic voltage deviation Urmsφ |u f ee only works
if the degree of implementation is known, as denoted in Figure 5.5 (left). Despite the
higher total installed nominal heat pump power, the results regarding Urmsφ do not
significantly differ considering an implementation degree of 40 percent and 60 percent
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respectively for the same insulation levels uins.
Applying the above observations on the influence of heat pump based generation of
domestic hot water udhw and of the degree of implementation ximpl to the performed
stepwise regression results in the following conditional regressions:[
UAb, 〈UAb〉, 〈Q0,hp〉, (xppv) ·
]T
β+ ε 7→ Urmsφ
∣∣∣
u f ee ,udhw
s.t. σˆ = 0.068 (5.14)[〈UAb〉, usys]T β+ ε 7→ Urmsφ ∣∣∣u f ee ,ximpl s.t. σˆ = 0.076 (5.15)
where the ( ) · -notation means the variable is rejected by p ≥ 0.1. Whereas knowledge
on the feeder strength u f ee strongly reduces the residual standard error from 0.131
to 0.080, additional knowledge on the heating system or degree of implementation
merely reduces the residual standard error σˆ further to 0.068 and 0.076 respectively.
The above notation means that, in 95.4 percent of all cases, the characteristic voltage
deviation Urmsφ can be estimated based on thermal building energy parameters within
a margin of error of ±13.6 percent if the feeder characteristics are known, and within
±26.2 percent if the feeder characteristics are not known. Up to a certain degree of
implementation, the characteristic voltage deviation Urmsφ can be approximated by
averaged building parameters 〈UAb〉§.
Present worth revenue requirements
The present worth revenue requirements PWRRr for the rural neighbourhood simu-
lations lie within a wide range of EUR (987,5150) per heat pump based building, as
shown in Figure 5.7 as a function of the installed heat pump capacity. A first estimate
of PWRRr based on the earlier described stepwise linear regression gives[
u f ee, usys, Q0,hp, ximpl , 〈Q0,hp〉, 〈UAb〉
]T
β+ ε 7→ PWRRr s.t. σˆ = 0.329 (5.16)
At first, the same two observations as for the characteristic voltage deviation stand
out in the proposed regression. On the one side, the observed present worth revenue
requirements are not influenced by the integration of photovoltaic generation as de-
noted by the absence of xppv in the regression after rejection based on the Akaike
information criterion. As such, for the considered rural case, the present worth rev-
enue requirements PWRRr is dominated by the heat pump based system loads. On
the other hand, due to the natural dependency on the present line impedances of
all effects possibly causing required initial investments I0 , the scenario parameters
§Note that this, so far, only counts when all dwellings in the neighbourhood have the same level of
insulation, and thus similar UAb . When a large spread of insulation level occurs in the neighbourhood, this
relation is not so clear any more as shown by C.Protopapadaki et al. (2015). 146
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regarding feeder strength (and considered degree of implementation) show to be of
greater importance than the building design variables. The latter is shown clearly in
Figure 5.5 on page 114 denoting the empirical cumulative distribution functions of the
observed PWRRr for which the range of the considered weak case merely overlaps the
range of the considered strong case.
More importantly, the stated residual standard error σˆ of the regression for normal-
ized variables states that the present worth revenue requirements PWRRr can only
be estimated within a margin of error of ±65.8 percent for 95.4 percent of all cases,
based on the stated design variables. Making conditional statements similar as for the
characteristic voltage deviation reduces this margin of error only to ±32.4 percent if
the feeder strength is known and to ±20.2 percent if the feeder strength and degree of
implementation are known. The poor predictability of the present worth revenue re-
quirements PWRRr based on linear regression can be understood from Figure 5.5 and
Figure 5.7: the revenue requirement has a strong discontinuous character for which
the ‘discontinuity’ differs depending on the feeder strength, degree of implementation,
heating system type and level of insulation. Meaningful insights in the relation be-
tween the considered building energy design variables and the present worth revenue
requirements PWRRr can (as such) only be achieved after decomposition of PWRRr
based on its definition on page 94:
PWRRr = ZI∑
∀j
I0,j +∑
∀k
M
∑
i=0
Oi,k
(1+ r)i
(5.17)
where the ‘discontinuity’ is caused by the implementation of initial investments I(j)0 as
I0,j ' I(j)0 · f
(
|u(n)φ (t)|, VUF(n)φ (t), i(l)(t)
)
, ∀j, n, l (5.18)
for which f : Rk 7→ B where B = {0, 1} is a Boolean domain, and where I0,j is the
initial investment for measure j and Oi,k is the operating cost for k.
Operating costs Oi. The operating costs denoting the Ohmic losses and ageing
of the transformer form the basis of the revenue requirements, as they remain if no
additional initial investments are required. The 30-years present worth of the operating
costs Oi lies within a range of EUR (230,469) per dwelling in comparison to the range
EUR (233,249) for reference simulations without heat pump and photovoltaic system
integration.¶ However, whereas the highest operating costs Oi are observed at high
degrees of implementation of heat pump systems, its increase can be limited to a
¶The stated 30-years present worth of the operating costs Oi agrees with an average annual operating
cost in the range of EUR (10.4,21.3) per dwelling in comparison to the range EUR (10.6,11.3) for reference
simulations without heat pump and photovoltaic system integration.
Rural dwelling design externalities | 119
llllll
Strong,
20 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
ll ll lll ll
Strong,
40 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
ll ll ll ll l ll
l llllll ll
Strong,
60 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
llllll
Strong,
20 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
ll
llllll
l
ll
Strong,
40 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
ll
llllllllllllll
lllll
lll
Strong,
60 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
l
lllll
l
Strong,
20 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
lllllll
llll
l
Strong,
40 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
llllll
llllllllllll
ll
lll
lll
Strong,
60 percent
0
50
100
150
0 100 200 300 400
Σ Q0,hp , kW
PWRRr , kEUR
Figure 5.7: Correlation between the present worth of the revenue requirements PWRRr
and the installed heat pump capacity Q0,hp for the rural strong (upper), medium (mid)
and weak (lower) neighbourhood simulations and a degree of implementation of 20
percent (left), 40 percent (mid) and 60 percent (right).
The different symbols denote the considered heating systems with and without do-
mestic hot water.
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Figure 5.8: Correlation between the distribution system operators’ present worth op-
erating costs PW(Oi) (right) on the one hand, and the characteristic voltage deviation
Urmsφ (left) and installed thermal heat pump power Q0,hp for the rural weak neighbour-
hood simulations. The different symbols denote the considered four heating systems.
factor 1.05 at a degree of implementation of 40 and 60 percent respectively with a high
building insulation level and the integration of photovoltaic systems.
As operating costs include the Ohmic losses in the feeder and MV/LV-transformer, and
the accelerated ageing of the MV/LV-transformer, they naturally depend on the feeder
strength u f ee. As such, a first estimate of the operating costs Oi based on stepwise
linear regression gives[
u f ee, usys, xppv, UAb, ximpl , Q0,hp
]T
β+ ε 7→ Oi s.t. σˆ = 0.065 (5.19)
indicating the importance of the feeder type u f ee. Removing u f ee from the regression
raises σˆ only to 0.079. The latter denotes that the Oi-component of the present worth
revenue requirements PWRRr can be estimated based on the building parameters and
degree of implementation only.
In comparison to the characteristic voltage deviation, the largest variation in operat-
ing costs Oi is caused by the integration of photovoltaic systems and the choice of
integrated domestic hot water in the heat pump based heating system.
Voltage constraint problems u(n)φ (t). Violation of voltage constraints was found to
be the main cause of required initial investments I0, though they do not occur in all
cases due to the boolean evaluation in Equation 5.18.
The latter makes evaluating revenue requirements complex, and three different situa-
tions can be described based on Table 5.7 at page 121. At first, scenarios occur for which
no undervoltages (below 0.90 pu) are observed, i.e. all cases based on the strong variant
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Table 5.7: Ranges of observed minimal and maximum voltages at τ10 for the rural
neighbourhood simulations given the feeder strength and degree of implementation.
Reference, i.e. 0 pct 20 pct 40 pct 60 pct
All ‘strong’ rural cases 0.956 pu (0.923,0.952) pu (0.901,0.934) pu (0.902,0.933) pu
All ‘medium’ rural cases 0.949 pu (0.910,0.944) pu (0.884,0.923) pu (0.884,0.921) pu
All ‘weak’ rural cases 0.929 pu (0.871,0.922) pu (0.831,0.889) pu (0.833,0.889) pu
Reference, i.e. 0 pct 20 pct 40 pct 60 pct
All ‘strong’ rural cases 1.013 pu (1.013,1.036) pu (1.013,1.055) pu (1.013,1.052) pu
All ‘medium’ rural cases 1.016 pu (1.016,1.041) pu (1.016,1.063) pu (1.016,1.058) pu
All ‘weak’ rural cases 1.022 pu (1.022,1.057) pu (1.022,1.084) pu (1.022,1.078) pu
of the rural feeder typology and the low-implementation cases of the medium feeder
variant. Second, scenarios occur for which undervoltages are observed but not for
all simulated combinations of building design variables, i.e. the high-implementation
cases of the medium feeder variant and low-implementation cases of the weak variant.
For these scenarios, undervoltages can either be avoided with an appropriate design
of the building and its systems or solved by investments by the distribution system
operator.‖ At last, scenarios occur for which undervoltages are always observed, i.e. the
high-implementation cases of the weak feeder variant. Additionally, no overvoltages
(above 1.10 pu) nor curtailing is observed in any scenario of the simulated rural neigh-
bourhood.
The scenario parameters regarding feeder strength u f ee (and degree of implementation
ximpl) show to be of greater importance than the building design variables due to the
natural dependency of nodal feeder voltages uφ(t) on the present line impedances.
Removing these parameters from regression by estimating the minimum observed
voltage conditional to the feeder strength and implementation of min |uφ|
∣∣
u f ee ,ximpl
gives [
usys, 〈UAb〉, 〈Q0,hp〉
]T
β+ ε 7→ min |u(n)φ |
∣∣∣
u f ee ,ximpl
s.t. σˆ = 0.009 (5.20)
denoting that the minimum voltage can be estimated with high confidence by the
building design variables as shown in Figure 5.9. Here, the same observation is found
as for characteristic voltage deviation. From a certain degree of implementation, the
minimum observed voltage conditional to the feeder strength and implementation
min |uφ||u f ee ,ximpl can be approximated by the heating system type usys, the average
building heat transfer 〈UAb〉 and the average thermal heat pump power 〈Q0,hp〉. At
‖That is, considering the design options; while also demand response may have the potential to avoid
undervoltages.
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Figure 5.9: Correlation between the minimum observed nodal feeder voltage
min |uφ(t)| and the aggregated installed heat pump capacity Q0,hp for the rural
medium (left) and weak (right) neighbourhood simulations. The different symbols
denote the considered four heating systems.
a higher implementation degree, the additional heat pump loads occur in feeders in
which the lowest voltages are not observed. The latter is however scenario dependent
and not to be generalised.
Additionally and in contrast to the previous evaluation criteria Urmsφ and Oi, the impact
of the choice of heating system seems of minor importance.
Line ampacity violations i(t). Although the implementation scenarios and building
design variables have a clear impact on the line currents, violation of the line current
ratings was found to be no cause of required additional initial investments I0.
Here, the building design variables seem to be of greater importance than the scenario
parameters u f ee regarding feeder strength despite the natural dependency of line cur-
rents i(t) on the present line impedances. The observed line currents range (0.26,0.49)
Imax for the considered strong feeder cases and (0.42,0.69) Imax for the considered weak
cases in comparison to 0.28 and 0.39 respectively for reference simulations without
heat pump and photovoltaic system integration. Considering that current regulations
allow peaks up to 1.25 Imax, violation of the line current ratings seems unlikely in the
considered rural context.
Voltage unbalance problems VUFφ(t). Contrary to the possible line ampacity vio-
lations and although the implementation scenarios and building design variables have
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a clear impact on the line currents, violation of the voltage unbalance regulation was
found in all cases requiring replacing the home connections by three-phase connec-
tions for all heat pump based dwellings as additional initial investments I0.∗∗
Given the natural dependency of nodal feeder voltages uφ(t) on the line impedances,
the observed peak voltage unbalance factors VUFφ range (0.029,0.040) pu for the con-
sidered strong feeder cases and (0.036,0.084) pu for the considered weak cases. Con-
sidering that voltage unbalance regulations allow short-term violations of 0.020 pu,
solving voltage unbalance violations by appropriate building design variables seems
unlikely in the considered rural context.
Recapitulation
While the integration of residential heat pump and photovoltaic systems has the po-
tential to double the annual distribution system operating cost from ' EUR 11 to '
EUR 21 per dwelling and the potential to double the characteristic voltage deviation
from ' (0.026,0.042) pu to ' (0.054,0.089) pu depending on the feeder strength, its
major drawback lies in the potential additional required initial investments to meet all
electricity distribution constraints for which the 30-years present worth ranges up to
EUR 5100 per heat pump based dwelling in the simulated cases caused by undervolt-
ages and voltage unbalance. The latter investments are, however, strongly scenario and
case dependent: at high degrees of implementation in medium-strength feeders and
at low degrees of implementation in weak-strength feeders, additional investments
may be avoided when the building envelope and building energy system can be de-
signed appropriately due to the dominance of the heat pump loads in feeder constraint
violations; whereas at high degrees of implementation in weak-strength feeders, ap-
propriate design of the building and its energy system is not able to solve violation of
grid constraints.
Note that an adapted control of the energy system is not considered. The mentioned
marginal present worth revenue requirements δPWRRr could thus be seen as a bench-
mark for demand response with respect to the stated feeder constraints.
The strong dependency of the characteristic voltage deviation Urmsφ and the present
worth revenue requirements PWRRr on the feeder strength and degree of implemen-
tation has two main drawbacks. At first, despite the dominance of the heat pump
loads in the overall evaluation, both evaluation criteria are only predictable based
on building design variables if basic information on the feeder strength and degree
of implementation is known which makes it hard to evaluate the impact of possible
∗∗It could be questioned whether an additional change of the house connection by a three-phase connection
should be included in the revenue requirements of the distribution system operator, or included as an initial
cost in the calculation of the present worth cost of ownership PWTCOr .
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building design measures on the distribution system from a building point of view.
Second, due to the strong discontinuity of additional investments as part of the present
worth revenue requirements PWRRr as a function of feeder strength and degree of
implementation, estimated revenue requirements should not be extrapolated to the
building stock as ‘the simulation result of an average case not necessarily equals the
average simulation result of all cases’.
5.5.2 Weighing economic criteria
As stated in the earlier section, three phenomena occur as part of the present worth
revenue requirements PWRRr of the distribution system operator. At first, the oper-
ating costs Oi may double when integrating residential heat pump and photovoltaic
systems in our building stock. Second, grid constraints may be violated requiring ad-
ditional investments I0 in the distribution grid. Here, two possibilities occur: given a
certain feeder strength and degree of implementation, the required investments could
be avoided by an adapted design of the building envelope and energy system (which
also comes with a monetary cost as denoted in Table 5.5 on page 102) or the required
investments could be necessary independent of the considered design variables.
As such, whereas usually only the dwelling’s present worth cost of ownership
PWTCOr is considered in building evaluations, two options occur from different
perspectives by considering PWTCOr + δPWRRr for which δPWRRr is the marginal
present worth of the distribution system operators’ revenue requirements in compari-
son to its value without heat pump and photovoltaic system integration. At first and
from a grid constraint perspective, we can weigh the required grid investments against
the (potential) extra costs of an adapted building envelope and system design as in-
dicated in Table 5.5 on page 102 which avoids violation of grid constraints. Second
and from a building perspective, we can evaluate whether weighing different building
energy solutions based on PWTCOr only differs strongly from weighing options based
on PWTCOr + δPWRRr.
The observed present worth cost of ownerships PWTCOr range kEUR (113.3, 148.0)
per dwelling, for which the lowest value is observed for a building design based on
insulation level V2/V3, an air-coupled heat pump and maximum-sized photovoltaic
system.†† Given the stated arithmetic range of kEUR 34.7 for the present worth cost of
ownership PWTCOr, the arithmetic range of kEUR 3.2 of the marginal present worth
revenue requirements δPWRRr may be countered or overruled by the dwelling cost of
††Both insulation levels show a lowest present worth cost of ownership PWTCOr within a range of 0.2
percent.
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Figure 5.10: Summed marginal (present worth of the) revenue requirements and total
cost of ownership PWTCOr + δPWRRr expressed in relation to the total cost of owner-
ship PWTCOr per dwelling excluding the increased costs for the distribution system
operator for the rural cases.
ownerships.
Figure 5.10 shows the present worth effective cost PWTCOr + δPWRRr as a function
of the present worth cost of ownership PWTCOr for the medium and weak feeder
type, and different degrees of implementation. As shown earlier in Figure 5.7 on
page 119, three situations occur. First, no additional investments are required at the
low degree of implementation for the medium strength feeder as denoted by the
observation that PWTCOr ' PWTCOr + δPWRRr due to the negligible change of
the Oi-component of PWRRr. Second, additional distribution system investments are
necessary for a set of cases at the high degree of implementation for the medium
strength feeder and low degree of implementation for the weak feeder if the building
design is not adapted to the feeder. The latter is reflected by the two clusters of data
in Figure 5.10, i.e. a set for which PWTCOr ' PWTCOr + δPWRRr and one for which
PWTCOr  PWTCOr + δPWRRr. Last, additional distribution system investments are
always necessary at the high degree of implementation for the weak strength feeder.
The second stated conditions are of interest considering avoiding additional required
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distribution system investments I0, and a more detailed view on the results for (one
of) these scenarios is therefore given in Figure 5.11.
False positive/negative diagnoses. Given a random case RW1 requiring additional
investments I0 by the distribution system operator, the lines of equal present worth
cost of ownership PWTCOr and equal present worth effective cost PWTCOr + δPWRRr
are indicated in red in Figure 5.11 for which alternatives in the South-West quadrant
relative to RW1 are worth discussing.
Two different situations occur relative to RW1. Considering the indicated case RW2,
the present value cost of ownership for case RW2 equals the present value cost
of ownership PWTCOr for RW1 and would thus be valued equal from a building
owners’ perspective. However, the present worth effective cost PWTCOr + δPWRRr
strongly differs by EUR 3000 whereby a case RW1 should be disregarded as valid
option if an alternative exists with the economic evaluation criteria of case RW2.‡‡
Considering the indicated cases RW3 to RW5, ‘false positive’ or ‘false negative’ diag-
noses occur from a building owners’ perspective. Here, e.g. the present worth cost
of ownerships PWTCO(RW4)r > PWTCO
(RW1)
r while the present worth effective costs
PWTCO(RW4)r + δPWRR
(RW4)
r < PWTCO
(RW1)
r + δPWRR
(RW1)
r . When we assume that ev-
ery Euro is valued equal, i.e. independent whether it is part of the cost of ownership
from the respective dwelling owner or part of the revenue requirements from the dis-
tribution system operator, RW1 should be disregarded as valid option if an alternative
exist with the conditions of cases RW3 to RW6. If both actors are not valued equal, a
weighting factor should be introduced.
To denote this does not only count for situations where additional investments I0 of
the distribution system operator can be completely avoided, the same observation is
presented Figure 5.11 for the weak feeder strength and a degree of implementation
of 60 percent. However, due to the strong discontinuity of the present worth revenue
requirement δPWRRr towards the design criteria, no general patterns and guidelines
can be deduced from the performed set of simulations.
Global minima. In contrast to the above statements on constrained minima on the
avoidable investments I0 by the distribution system operator and for the considered
simulated cases, the case with overall lowest present worth effective cost PWTCOr +
δPWRRr is also the case with the overall lowest present worth cost of ownership
PWTCOr.
‡‡i.e. considering that all other evaluation criteria of case RW1 and case RW2 are equal or comparable. If not,
case RW1 may still be a valid option if it has shown to have other advantages.
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Figure 5.11: Excerpt from Figure 5.10 denoting the summed marginal present worth of
the revenue requirements and total cost of ownership PWTCOr + δPWRRr expressed
in relation to the present worth of the total cost of ownership PWTCOr per dwelling
excluding the increased costs for the distribution system operator for the considered
weak feeder strength and a degree of implementation of 20 percent (left) and 60 percent
(right) respectively. The lines of equal PWTCOr and equal PWTCOr + δPWRRr are
indicated in red for a random case requiring additional investments by the distribution
system operator.
5.5.3 Introducing backbone criteria
So far, we have only considered the dwelling as part of the low-voltage distribution
network to which it is connected, while the low-voltage system is connected to a mid-
voltage distribution network and on its turn to a transmission network with large-scale
power plants as indicated in Figure 1.1 on page 2. Two additional evaluation criteria
are therefore introduced, i.e. the backbone peak load Pbb and the backbone electricity
demand Ebb.
Peak loads Pbb. The peak load is clearly influenced by the degree of implementation
ximpl as well as the building insulation level. Whereas a reference simulation for the
rural neighbourhood without integration of heat pump and photovoltaic system has a
peak load of 70.5 kVA, the backbone peak load Pbb ranges (66.8,85.7) kVA, (81.3,114.5)
kVA and (88.3,153.3) kVA for a degree of implementation of 20, 40 and 60 percent
respectively. As such, as shown in Figure 5.12, whereas a low degree of implementation
may increase the peak load by a factor 1.2, the overall peak load may increase by a factor
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1.6 to 2.2 at high implementation rates and can be limited to 1.15 and 1.25 respectively
by adapted building design variables. Removing the degree of implementation ximpl
from regression by estimating the backbone peak load Pbb conditional to ximpl gives[
〈UAb〉, usys, x f ee
]T
β+ ε 7→ min Pbb|ximpl s.t. σˆ = 0.068 (5.21)
denoting that the implementation xppv of residential photovoltaic systems does not
significantly lower the peak demand. As the difference in peak loads between the
strongest and weakest feeder strength lies within 2.1 to 4.0 percent, the feeder strength
x f ee is of limited importance and the building insulation level is the main determinant
of Pbb.
Considering the aim to minimize the backbone peak load Pbb with respect to the
possible need of additional back-up power plants comes with a high cost at high
degrees of implementation. Improving the 〈UAb〉 and the choice of a ground-coupled
heat pump increases PWTCOr + δPWRRr with respect to its minimum: considering
the 40 percent degree of integration, aiming for a 15 percent reduction of the Pbb of
102.4 kVA at the lowest cost of EUR 117 000 increases the present worth effective costs
by 13.6 percent. Similarly, considering the 60 percent degree of integration, aiming
for a 15 percent reduction of the Pbb of 126.8 kVA at the lowest cost of EUR 113 000
increases the present worth effective costs by 23.6 percent while aiming for a 30 percent
reduction comes with a cost of 30.6 percent.
It is noteworthy that the building design variables which result in a low Pbb generally
result in a low δPWRRr. The resulting effective increase in PWTCOr + δPWRRr is thus
caused by PWTCOr only.
Electricity demand Ebb. Also the backbone electricity demand is clearly influenced
by the degree of implementation as well as the building insulation level and its sys-
tem. Whereas a reference simulation for the rural neighbourhood without integration
of heat pump and photovoltaic system has a electricity demand of 189.7 MWh, the
backbone electricity demand Ebb ranges (154.8,232.4) MWh, (146.4,269.2) MWh and
(144.7,302.9) MWh for a degree of implementation of 20, 40 and 60 percent respec-
tively. As such, as shown in Figure 5.12, whereas a low degree of implementation
may increase the electricity demand by a factor 1.2, the overall electricity demand may
increase by a factor 1.4 to 1.6 at high implementation rates and can be limited to 0.8
by adapted building design variables. Estimating the backbone electricity demand Ebb
by regression gives[
xppv, usys, 〈UAb〉, 〈Q0,hp〉
]T
β+ ε 7→ min Ebb s.t. σˆ = 0.072 (5.22)
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Figure 5.12: The total effective costs PWTCOr + δPWRRr in relation to the backbone
electricity demand Ebb (left) and the backbone peak load Pbb (right), including the indi-
cation of the Pareto efficient solutions for (PW(..), Ebb) and (PW(..), Pbb) respectively
for the rural cases.
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denoting that the implementation of residential photovoltaic systems xppv is of main
importance.
Considering the aim to minimize the backbone electricity demand Ebb with respect
to the aim of reducing possible emissions from back-up power plants comes with a
high cost at high degrees of implementation. Improving the 〈UAb〉 and the choice
of a ground-coupled heat pump increases PWTCOr + δPWRRr with respect to its
minimum: considering the 40 percent degree of integration, aiming for a 12 percent
reduction of the Ebb of 165.5 MWh at the lowest cost of EUR 117 000 increases the
present worth effective cost by 32.4 percent. Similarly, considering the 60 percent
degree of integration, aiming for a 20 percent reduction of the Ebb of 183.5 MWh at the
lowest cost of EUR 113 000 increases the present worth effective cost by 27.9 percent.
Denote that the building design variables observed at the Pareto fronts for Ebb and Pbb
respectively are not necessarily equal; and the preferred solutions thus depend on the
chosen evaluation criteria.
5.5.4 Recapitulation
The simulation results of the considered rural cases have been discussed in detail in
the previous section.
First, the impact of the building design variables on the evaluation criteria related to
the distribution system operator are evaluated, i.e. the characteristic voltage deviation
and the present worth revenue requirements. Here, while the integration of residen-
tial heat pump and photovoltaic systems has the potential drawback to double the
characteristic voltage deviation and the annual operating cost of the distribution sys-
tem operator in a rural neighbourhood, its true impact lies in the potential additional
required initial investments to meet all electricity distribution constraints for which
the 30-years present worth ranges up to EUR 5100 per heat pump based dwelling
in the simulated cases caused by undervoltages and voltage unbalance. The latter
investments are, however, strongly scenario and case dependent, which has two main
drawbacks: despite the dominance of the heat pump loads in the overall evaluation,
both evaluation criteria are only predictable based on building design variables if ba-
sic information on the feeder strength and degree of implementation is known which
makes it hard to evaluate the impact of possible building design measures on the
distribution system from a building point of view. Additionally, due to the strong dis-
continuity of additional investments as part of the present worth revenue requirements
PWRRr as a function of feeder strength and degree of implementation, estimated rev-
enue requirements should not be extrapolated to the building stock as ‘the simulation
result of an average case not necessarily equals the average simulation result of all
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cases’.
Second, we weighed the economic evaluation criteria against each other, i.e. the present
worth revenue requirements from the distribution system operator against the present
worth of the total cost of ownership. Here, including the present worth of the marginal
revenue requirements δPWRRr in economic evaluations of building energy decisions
has shown the potential to alter conclusions based on the present worth of the total
cost of ownership in a rural neighbourhood, despite the small range for δPWRRr of
EUR 3200 per dwelling in comparison to the range of EUR 34 700 per dwelling for
PWTCOr. However, despite the potential impact of the marginal revenue requirements,
the design combination with lowest PWTCOr for all considered design variables has
shown to also have the lowest present worth effective cost PWTCOr + δPWRRr.
Last, we included the evaluation criteria related to the backbone grid in the discussion,
denoting that aiming for minimizing the backbone peak load and electricity demand
comes with a significant cost.
5.6 Dwelling externalities in an urban context
In the following section, the simulation results of the urban cases are discussed in
comparison to the described results of the rural cases. The adopted structure is sim-
ilar to the previous section and thus threefold: First, we focus on the impact of the
building design variables on the evaluation criteria related to the distribution system
operator. Second, we weigh the economic evaluation criteria against each other. Last,
the evaluation criteria related to the backbone grid are included in the discussion.
5.6.1 Estimating distribution system related criteria
In contrast to the rural neighbourhood simulations, all characteristic voltage devia-
tions Urmsφ and the present worth revenue requirements PWRRr observed within the
urban simulations lie within a narrow range, i.e. all Urmsφ lie within a narrow range of
(0.018,0.041) pu in comparison to the range (0.020,0.027) pu for reference simulations
without heat pump and photovoltaic system integration and all PWRRr lie within a
range of EUR (520,1470) per heat pump based building. Concerning the latter, PWRRr
is reduced to its operating cost Oi and the cost of three-phase connections only.§§
Three distinct differences with the rural case neighbourhood cause the near-
indifference of Urms to the building design variables in comparison to the rural results,
§§As stated earlier, it could be questioned whether an additional change of the house connection by a
three-phase connection should be included in the revenue requirements of the distribution system operator,
or included as an initial cost in the calculation of the present worth of the total cost of ownership PWTCOr .
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and the lack of voltage and line ampacity constraint violations: First, the nominal
power (as well as the overall demand) of the installed residential heat pumps is much
lower in the urban neighbourhood than in the rural neighbourhood. Here, the de-
picted insulation level V1 results in an average thermal heat pump power 〈Q0,hp〉 of
5.7 kW for the urban neighbourhood in comparison of an average 9.3 kW for the rural
neighbourhood, whereas 〈Q0,hp〉 lies around 4.2 kW (excluding domestic hot water)
for the depicted insulation level V6 for the urban neighbourhood in comparison to
the average 6.4 kW for the rural neighbourhood. The latter is caused by the higher
compactness and the smaller buildings of the urban context in comparison to the
rural neighbourhood, whereby the same insulation level V1 results in an average heat
transfer 〈UAb〉 of 130 W/K for the urban neighbourhood in comparison to an average
253 W/K for the rural neighbourhood, whereas 〈Q0,hp〉 lies around 59 W/K for the
depicted insulation level V6 for the urban neighbourhood in comparison to the average
81 W/K for the rural neighbourhood. Second and similar, the nominal power (as well
as the overall production) of the installed residential photovoltaic systems is slightly
lower in the urban neighbourhood than in the rural neighbourhood due to the limited
roof size. Here, the capacity of the depicted photovoltaic systems is restricted to 5.0
kW for the detached and semi-detached dwellings, whereas the maximum capacity
is 4.2 kW for the terraced dwelling. Third and last, the average cable lengths in the
low-voltage distribution system are much lower in the urban neighbourhood than in
the rural neighbourhood. Here, a total length of 700 m cable connects 85 dwellings for
the urban neighbourhood in comparison to the 1450 m cable feeding 64 dwellings for
the rural neighbourhood, whereby the average line lengths between nodes are 22.8 m
and 8.3 m respectively. The latter lowers the line impedance Z(l) required in the Ohm’s
Law u(l)n1 (t)− u(l)n2 (t) = i(l)(t)Z(l) whereas the former two causes lower the apparent
powers S(t) requested at all nodes and resulting in S(t) = uφ(t)i(t).
Characteristic voltage deviation
Equal to Figure 5.6 on page 116 for the rural case, Figure 5.13 denotes the correlation
between the characteristic voltage deviation Urmsφ and the average building heat trans-
fer 〈UAb〉 or installed heat pump capacity Q0,hp for the urban case simulations.
The presented overview clearly indicates that Urmsφ remains low at all cases and is al-
most invariant to the defined design options, and only sensitive to the feeder strength.
Given the maximum observed Urmsφ of 0.04 pu, the extrema lie within the obtained
range of reference values without residential heat pump and photovoltaic systems
between 0.025 and 0.040 pu for the rural case.
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Figure 5.13: Correlation between the characteristic voltage deviation Urmsφ on the one
hand, and the average building heat transfer 〈UAb〉 (left) and installed heat pump
capacity Q0,hp (right) for the urban weak neighbourhood simulations. The different
symbols denote the considered four heating systems.
Present worth revenue requirements
Equal to Figure 5.7 on page 119 for the rural case, Figure 5.14 denotes the correlation
between the present worth of the distribution system operators’ revenue requirements
PWRRr and the installed heat pump capacity Q0,hp for the urban case simulations.
Similar and equal to Table 5.7 on page 121 for the rural case, Table 5.8 presents the
range of minimal and maximum observed voltages at τ10 for the urban case simula-
tions.
As stated, all PWRRr lie within a range of EUR (520,1470) per heat pump based
dwelling denoting a much smaller range in comparison to the EUR (987,5150) per heat
pump based dwelling in the rural cases. The obtained range agrees with the range
observed in the strong feeder typology for the rural cases, and are caused by the same
phenomena, i.e. an increase in the operating costs Oi and the need for three-phase
connections to solve a too high voltage unbalance factor VUFφ. As shown in Table 5.8,
no voltage constraint problems occur: even for the high degree of implementations
of 60 percent, the minimum voltages remain within (0.925,0.942) pu and the maxi-
mum voltages within (1.007,1.055) pu and as such require no additional investments
I0. Similarly, the observed line currents range (0.27,0.48) Imax for the considered strong
feeder cases and (0.38,0.60) Imax for the considered weak cases in comparison to 0.27
and 0.38 respectively for reference simulations without heat pump and photovoltaic
system integration.
Considering that current regulations allow peaks up to 1.25 Imax and voltage devi-
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Table 5.8: Ranges of observed minimal and maximum voltages at τ10 for the urban
neighbourhood simulations given the feeder strength and degree of implementation.
Reference, i.e. 0 pct 20 pct 40 pct 60 pct
All ‘strong’ rural cases 0.963 pu (0.952,0.966) pu (0.951,0.962) pu (0.942,0.965) pu
All ‘medium’ rural cases 0.955 pu (0.949,0.958) pu (0.943,0.954) pu (0.936,0.957) pu
All ‘weak’ rural cases 0.948 pu (0.942,0.952) pu (0.935,0.947) pu (0.925,0.950) pu
Reference, i.e. 0 pct 20 pct 40 pct 60 pct
All ‘strong’ rural cases 1.007 pu (1.007,1.025) pu (1.007,1.030) pu (1.007,1.048) pu
All ‘medium’ rural cases 1.009 pu (1.009,1.026) pu (1.009,1.032) pu (1.006,1.048) pu
All ‘weak’ rural cases 1.012 pu (1.011,1.030) pu (1.011,1.036) pu (1.007,1.055) pu
ations within (0.85/0.90,1.10) pu, violations of the line current ratings and voltage
constraints seem unlikely in a rural environment.
5.6.2 Evaluating economic criteria
The observed present worth of the total cost of ownerships PWTCOr ranges from
kEUR (62.9, 90.4) per dwelling, for which the lowest value is observed for a building
design based on insulation level V2/V3, a ground-coupled heat pump and full-sized
photovoltaic system.¶¶ Given the range of EUR 27 500 for PWTCOr, the range of EUR
950 of the marginal present worth revenue requirements δPWRRr may be countered
or overruled by the dwelling cost of ownerships.
Figure 5.15 shows the present worth effective cost PWTCOr + δPWRRr as a function
of the present worth of the total cost of ownership PWTCOr for all feeder types at
the highest degree of implementation. As shown earlier and in contrast to the rural
cases, only the situation occurs wherefore no additional investments are required as
denoted by the observation that PWTCOr ' PWTCOr + δPWRRr due to the negligible
change of the Oi-component of PWRRr. As such, false positive/negative diagnoses do
not occur in the urban cases within an arguable margin of error PWTCOr + δPWRRr
and the case with overall lowest PWTCOr + δPWRRr is also the case with the overall
lowest PWTCOr.
¶¶Both insulation levels show a lowest presented worth of the total cost of ownerships PWTCOr within a
range of 0.1 percent.
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Figure 5.14: Correlation between the present worth of the revenue requirements
PWRRr and the installed heat pump capacity Q0,hp for the urban strong (upper),
medium (mid) and weak (lower) neighbourhood simulations and a degree of imple-
mentation of 20 percent (left), 40 percent (mid) and 60 percent (right).
The different symbols denote the considered heating systems with and without do-
mestic hot water.
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Figure 5.15: Summed marginal (present worth of the) revenue requirements and total
cost of ownership PWTCOr + δPWRRr expressed in relation to the total cost of owner-
ship PWTCOr per dwelling excluding the increased costs for the distribution system
operator for the urban cases.
5.6.3 Introducing backbone criteria
Similar to the rural cases, two additional evaluation criteria are introduced, i.e. the
backbone peak load Pbb and the backbone electricity demand Ebb.
Peak loads Pbb. The peak load is clearly influenced by the degree of implementation
as well as the building insulation level. Whereas a reference simulation for the urban
neighbourhood without integration of heat pump and photovoltaic system has a peak
load of 78.5 kVA, the backbone peak load Pbb ranges (73.8,90.6) kVA, (82.6,118.4) kVA
and (82.9,127.2) kVA for a degree of implementation of 20, 40 and 60 percent respec-
tively. As such, as shown in Figure 5.16, whereas a low degree of implementation may
increase the peak load by a factor 1.15, the overall peak load may increase by a factor
1.5 to 1.6 at high implementation rates and can be limited to 1.05 by adapted building
design variables. Removing the degree of implementation from regression by estimat-
ing the backbone peak load Pbb conditional to ximpl gives similar results as for the
rural cases denoting that the implementation of residential photovoltaic systems does
not lower the peak demand. As the difference in peak loads between the strongest and
weakest feeder strength lies within 1.0 to 2.1 percent, the building design parameters
are the main determinants of Pbb.
As shown in Figure 5.16, considering the aim to minimize the backbone peak load Pbb
with respect to the possible need of additional back-up power plants comes with a
high cost at high degrees of implementation. Improving the 〈UAb〉 and the choice of
a ground-coupled heat pump increases PWTCOr + δPWRRr with respect to its min-
imum. Considering the 40 percent degree of integration, the design with the lowest
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present worth effective cost has a peak load Pbb of 108.0 kVA and aiming for a 20
percent reduction increases the present worth effective costs by 24.8 percent. Similarly,
considering the 60 percent degree of integration and a peak load Pbb of 110.3 kVA
for the design with the lowest present worth effective cost, aiming for a 25 percent
reduction of the Pbb increases the present worth effective cost by 24.2 percent.
It is noteworthy that the building design variables which result in a low Pbb generally
result in a low δPWRRr. The resulting effective increase in PWTCOr + δPWRRr is thus
caused by PWTCOr only.
Electricity demand Ebb. Also the backbone electricity demand is clearly influenced
by the degree of implementation as well as the building insulation level and its system.
Whereas a reference simulation for the rural neighbourhood without integration of
heat pump and photovoltaic system has a annual electricity demand of 222.5 MWh,
the backbone electricity demand Ebb ranges (188.4,253.5) MWh, (170.9,292.2) MWh
and (173.4,326.8) MWh for a degree of implementation of 20, 40 and 60 percent respec-
tively. As such, as shown in Figure 5.16, whereas a low degree of implementation may
increase the electricity demand by a factor 1.15, the overall electricity demand may
increase by a factor 1.3 to 1.5 at high implementation rates and can be limited to 0.8
by adapted building design variables.
As shown in Figure 5.16 and similar to Pbb, considering the aim to minimize the back-
bone electricity demand Ebb with respect to the aim of reducing possible emissions
from back-up power plants comes with a high cost at high degrees of implementa-
tion. Improving the 〈UAb〉 and the choice of a ground-coupled heat pump increases
PWTCOr + δPWRRr with respect to its minimum. Considering the 40 percent degree
of integration, the design with the lowest present worth effective cost has a backbone
electricity demand Ebb of 195.6 MWh and aiming for a 12 percent reduction increases
the present worth effective cost by 25.6 percent. Similarly, considering the 60 percent
degree of integration and an electricity demand Ebb of 201.4 MWh for the design with
the lowest present worth effective cost, aiming for a 14 percent reduction increases the
present worth of the effective costs by 25.1 percent.
Denote that, similar as for the rural case simulations, the building design variables
observed at the Pareto front for Ebb and Pbb respectively are not necessarily equal; and
the preferred solutions thus depend on the chosen evaluation criteria.
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Figure 5.16: The total effective costs PWTCOr + δPWRRr in relation to the backbone
electricity demand Ebb (left) and the backbone peak load Pbb (right), including the indi-
cation of the Pareto efficient solutions for (PW(..), Ebb) and (PW(..), Pbb) respectively
for the urban cases.
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5.6.4 Recapitulation
The simulation results of the considered urban cases have been discussed in detail in
the previous section.
First, the impact of the building design variables on the evaluation criteria related to
the distribution system operator are evaluated, i.e. the characteristic voltage deviation
and the present worth of the revenue requirements. Here, and in strong contrast to
the rural cases, the integration of residential heat pump and photovoltaic systems has
no real impact on the voltage deviation in an urban neighbourhood nor on the distri-
bution system operators’ revenue requirements. As a result, evaluating the economic
cost of the distribution system operator with respect to the cost of ownership does not
differ from evaluating building energy measures from the building owners perspec-
tive.
At last, we included the evaluation criteria related to the backbone grid in the dis-
cussion, denoting that aiming for minimizing the backbone peak load and electricity
demand comes with a significant cost of ownership.
5.7 Recapitulation,
on externalities of heat pump based dwellings
Given the IDEAS simulation environment which enables quantifying the effects of ther-
mal building measures on the low-voltage distribution network and given the StROBe
modelling environment which defines all stochastic boundary conditions for the stated
simulation environment regarding occupant behaviour, we addressed the main aim of
this work, i.e. ‘to estimate the impact of heat pump based dwellings on low-voltage distribution
networks and identify the potential to optimize the thermal dwelling properties for its externali-
ties.’ In an ideal world, ‘social welfare maximization’ is the main evaluation criteria for
judging policy measures or large-scale investments in societal infrastructure. Given the
restricted economic information and the multi-actor context of the research question,
a set of five evaluation criteria is defined focusing on weighing costs made by the dif-
ferent actors against delivered quality of work by the distribution system operator and
general criteria external to the neighbourhood system, i.e. the characteristic voltage
deviation Urmsφ , the present worth of distribution system operators’ revenue require-
ments PWRRr, the present worth of the dwellings’ total cost of ownership PWTCOr
and the backbone peak load Pbb and electricity consumption Ebb respectively.
Based on the observed simulation results, distinction is made between the externalities
of heat pump based dwellings in a rural and urban context.
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Dwellings in a rural context. While the integration of residential heat pump and
photovoltaic systems has shown to have the potential drawback to double the char-
acteristic voltage deviation and the annual operating cost of the distribution system
operator in a rural neighbourhood, its main drawback lies in the potential additional
required initial investments to meet all electricity distribution constraints for which
the 30-years present worth ranges up to EUR 5100 per heat pump based dwelling in
the simulated cases caused by undervoltages and voltage unbalance. Additionally, in-
cluding the present worth of the marginal revenue requirements δPWRRr in economic
evaluations of building energy decisions has shown the potential to alter conclusions
based on the present worth of the total cost of ownership in a rural neighbourhood, de-
spite the small range for δPWRRr of EUR 3200 per dwelling in comparison to the range
of EUR 34 700 per dwelling for PWTCOr. However, despite the potential impact of the
marginal revenue requirements, the design combination with lowest PWTCOr for all
considered design variables has shown to also have the lowest PWTCOr + δPWRRr.
Last, we included the evaluation criteria related to the backbone grid in the discussion,
denoting that aiming for minimizing the backbone peak load and electricity demand
comes with a significant cost.
Dwellings in an urban context. In strong contrast to the rural cases, the integration
of residential heat pump and photovoltaic systems has been found to have no real
impact on the voltage deviation in an urban neighbourhood nor on the distribution
system operators’ revenue requirements. As a result, evaluating the economic cost of
the distribution system operator with respect to the cost of ownership does not differ
from evaluating building energy measures from the building owners perspective.
Note that the stated observations come with a set of limitations. First, the required
investments are strongly case dependent whereby evaluation criteria are only pre-
dictable based on building design variables if basic information on the feeder strength
and degree of implementation is known, and whereby estimated revenue requirements
should not be extrapolated to the building stock as ‘the simulation result of an av-
erage case not necessarily equals the average simulation result of all cases’. Second,
the uptake of residential heat pump based heating systems and photovoltaic systems
is limited to the implementation in 60 percent of the dwellings in the present work;
whereas the mutual importance of certain constraints may differ at higher degrees of
implementation. Third, the capacity of all photovoltaic systems is limited to 5 kW.
Chapter 6
Epilogue
As dwellings and their energy systems are part of different technical and economic
subsystems, a cost effectiveness quantification at the level of a single building unwit-
tingly externalizes costs and neglects the possible physical impact on other systems.
This certainly applies when we consider the implementation of a heat pump as an
energy efficient method to provide space heating and/or domestic hot water, and
the installation of rooftop photovoltaic installations. Excluding these effects underes-
timates the overall societal cost of possible systems, resulting in a disproportionate
trade-off between different possible policy measures. In this context, the general aim
of the present work has been defined as:
‘To provide a first estimate of externalised effects of low-energy dwellings
at the, in hierarchy, first aggregate technical subsystem
based on comprehensive building and system energy simulations.’
Given this overall aim and preceded by a concise literature review, the outline of the
presented work was threefold:
Multi-commodity district energy system simulations
At first, we described the Modelica IDEAS Library which was developed as a joint
effort of the KU Leuven Building Physics Section, the Applied Mechanics and Energy
Conversion Section, and the Electrical Energy and Computer Architectures Section
within the stated aim ‘to set up a simulation environment which enables quantifying the
effects of a thermal building measure on the low-voltage distribution network.’ The tool in-
tegrates multi-zone thermal building energy simulations and electricity distribution
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simulation, and differs herein from existing district energy modelling environments in
its temporal and spatial resolution of the modelled physics. The model environment
is built on partial differential, ordinary differential and algebraic equations which
are solved simultaneously by a general-purpose solver. IDEAS 0.3 can be found on
https://github.com/open-ideas based on the Modelica License Version 2.
The main contributions of the author to this work may be found in the initial devel-
opment, the climate description and the development of the transient building energy
model. The latter implementation is verified based on the BESTEST method as de-
scribed in the American ANSI/ASHRAE Std. 140-2001 and is used in the Twin House
experiment developed in Annex 58 of the IEA EBC Programme.
Estimating externalities of low-energy dwellings at the low-voltage distribution sys-
tem also requires a declarative description of the simulation models, whereby we
‘defined a representative set of residential cases for which the quantified externalised effects
may be generalised.’ The majority of the used statistics are based on two geographical
databases, i.e. the Flemish Sizeable Reference Record GRBgis and Eandis’ Low-voltage
Chart LVdwg. To grasp the variance in the existing neighbourhoods, 10 960 dwellings
connected by 656 low-voltage feeders in 152 distribution islands with a single trans-
former have been inventoried and parametrized based on the data available in GRBgis
and LVdwg. Two typologies are defined based on a k-means clustering, i.e. an ‘urban’
cluster type dominated by a concentration of ‘terraced and semi-detached’ dwellings
and a ‘rural’ type dominated by a concentration of ‘detached and semi-detached’
dwellings. To overcome unclear patterns related to the rated line and transformer
capacities despite their great importance in the results of district energy simulations
(and thus strongly influencing the results if a single typology is used), three variants
of the rural and urban type will be proposed and used in this work, i.e. a ‘strong’,
‘medium’ and ‘weak’ variant.
Stochastic boundary conditions in the pervasive space
Given a defined design, the pervasive system forms one of the main diversifications
in occurring system states, characterized by the intense physical and informational
interaction between the occupants and the built environment. As such, we described
the Python StROBe Module which was developed within the stated aim ‘to set up a mod-
elling environment which defines all stochastic boundary conditions for the stated simulation
environment regarding residential occupant behaviour.’ That is, an environment in which
thermal and electrical human interventions in the overall technical system are simu-
lated with regard to services. The majority of the used statistics in this work are based
on two surveys, i.e. the decennial Belgian Time-Use Survey BeTUS’05 and Household
Budget Survey BeHBS’05 collected in 2005 by the Directorate-general Statistics and
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Economic Information. Both datasets relate to a population of 6400 individuals from
3474 households, who completed questionnaires describing the chronological course
of activities in their diaries in 10 min increments throughout 24 hours. Based on a
pre-clustered version of the stated datasets, the occupancy chains o(x)[n] and the activ-
ities a(x)[n] of all household members are modelled based on a hybrid Markov chain
using survival time densities and static activity functions respectively; as a common
prerequisite for the modelling of the variables with physical impact, i.e. receptacle load
profiles Pr[n], internal heat gain profiles Q˙g[n], profiles of the space heating set-point
temperatures Tsh[n] and hot water redraw profiles m˙γ[n]. Modelling of the receptacle
loads and hot water tapping is based on defining the start-events and the event du-
ration as a function of the time of day and the observed occupancy states, whereas
the set-point temperatures are directly linked to o(x)[n] and the internal gains to all
previous stated variables.
In an attempt to quantify the epistemic uncertainty, the StROBe model outcome is com-
pared on the overall average annual profiles, on the simultaneity of loads and on the
autocorrelation of loads to reference values, and the error by choosing a certain time
resolution τ for boundary conditions is quantified. The factors of simultaneity ks for
receptacle load profile Pr[n] and hot water tapping profile m˙γ[n] show a fair compar-
ison with IEC Std. 60439 and Std. EN 806-3 respectively. The slight underestimation
of ks(Pr[n]) is attributed to modelling aspects beyond state-of-the-art in bottom-up
modelling. Furthermore, we demonstrated that the resulting autocorrelation of Pr[n]
matches the measured profiles well. The obtained ranges of physical variables yt are
compared for simulations with different time resolutions ranging from 1 to 60 minutes
for a reference residential neighbourhood. We demonstrated that only simulations at
τ10 are able to keep idpd f below five percent for all variables while remaining a good
representation of the peak voltages, though this might be case sensitive.
The stochastic user behaviour as modelled in StROBe causes uncertainties in district
energy simulations inherent to non-deterministic phenomena. For a theoretical case,
evaluation criteria are translated to probability distributions ‘to define the aleatory uncer-
tainty in the stated system simulations caused by the stochastic nature of human interventions.’
We have shown that the design of the building energy system has its impact on the
robustness of the evaluation criteria and it could thus be minimized as part of an
optimisation exercise. However, the expected value of the evaluation criteria have to a
large extent the same minimizers as the measures of the proposed robustness. For the
simulated cases, 95.4 percent of the observed criteria zi(x) lay in the (.81, 1.6) E [zi|x]
interval for a feeder larger than 10 houses and in the (.88, 1.3) E [zi|x] interval for more
than 20 houses denoting an overall rather small uncertainty on the possible evaluation
criteria caused by user behaviour.
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Externalities of heat pump based dwellings cf. low-voltage distribution
Given the IDEAS simulation environment which enables quantifying the effects of ther-
mal building measures on the low-voltage distribution network and given the StROBe
modelling environment which defines all stochastic boundary conditions for the stated
simulation environment regarding occupant behaviour, we addressed the main aim of
this work, i.e. ‘to estimate the impact of heat pump based dwellings on low-voltage distribution
networks and identify the potential to optimize the thermal dwelling properties for its externali-
ties.’ In an ideal world, ‘social welfare maximization’ is the main evaluation criteria for
judging policy measures or large-scale investments in societal infrastructure. Given the
restricted economic information and the multi-actor context of the research question,
a set of five evaluation criteria is defined focusing on weighing costs made by the dif-
ferent actors against delivered quality of work by the distribution system operator and
general criteria external to the neighbourhood system, i.e. the characteristic voltage
deviation Urmsφ , the present worth of distribution system operators’ revenue require-
ments PWRRr, the present worth of the dwellings’ total cost of ownership PWTCOr
and the backbone peak load Pbb and electricity consumption Ebb respectively.
Based on the observed simulation results for two theoretical cases and given the re-
striction that the implementation of heat pump and photovoltaic systems is limited
to 60 percent of the dwellings, a distinction is made between the externalities of heat
pump based dwellings in a rural and urban context.
Dwellings in a rural context. While the integration of residential heat pump and
photovoltaic systems has the potential drawback to double the characteristic voltage
deviation and the annual operating cost of the distribution system operator in a rural
neighbourhood, its true impact lies in the potential additional required initial invest-
ments to meet all electricity distribution constraints for which the 30-years present
worth ranges up to EUR 5100 per heat pump based dwelling in the simulated cases
caused by undervoltages and voltage unbalance. Including the present worth of the
marginal revenue requirements δPWRRr in economic evaluations of building energy
decisions has shown the potential to alter conclusions based on the present worth
of the total cost of ownership in a rural neighbourhood, despite the small range for
δPWRRr of EUR 3200 per dwelling in comparison to the range of EUR 34 700 per
dwelling for PWTCOr. However, given the potential impact of the marginal revenue
requirements, the design combination with lowest PWTCOr for all considered design
variables has shown to also have the lowest PWTCOr + δPWRRr.
The required investments by the distribution system operator are, however, strongly
scenario and case dependent, which has two main drawbacks: despite the dominance
of the heat pump loads in the overall evaluation, both evaluation criteria are only pre-
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dictable based on building design variables if basic information on the feeder strength
and degree of implementation is known which makes it hard to evaluate the impact of
possible building design measures on the distribution system from a building point of
view. Additionally, due to the strong discontinuity of additional investments as part
of PWRRr as a function of feeder strength and degree of implementation, estimated
revenue requirements should not be extrapolated to the building stock as ‘the simula-
tion result of an average case not necessarily equals the average simulation result of
all cases’.
Dwellings in an urban context. In strong contrast to the rural cases, the integration
of residential heat pump and photovoltaic systems has been found to have no real
impact on the voltage deviation in an urban neighbourhood nor on the distribution
system operators’ revenue requirements. As a result, evaluating the economic cost of
the distribution system operator with respect to the cost of ownership does not differ
from evaluating building energy measures from the building owners perspective.
Limitations and recommendations for future research
The present work gives only a first estimation on the externalities of heat pump based
dwellings from a distribution grid perspective. As such, with regard to all stated
descriptions, assumptions and simplifications, a number of fields for future work can
be identified.
On multi-commodity district simulations. Neighbourhood simulations starting
from building energy simulation models as developed based on the Modelica IDEAS
Library form a first step towards an integrated evaluation approach of building energy
system design and control. Here, the current computational scaling O(n3) for model
size n forms one of the major drawbacks whereby scaling to hundreds or thousands
of buildings is not feasible without strongly reducing the level of detail. Tackling this
issue can be done in many ways. On the one hand, the system implementation and
equation solving methods could be better coordinated. Several system components
can be implemented more compliant with general-purpose ordinary differential or
differential algebraic equation solvers by avoiding the need of numerical Jacobians
e.g. in the power flow calculation and reducing the size and order of the system of
equations. Conversely, the equation solving method may be chosen more compliant
with the complexity of the multi-commodity district simulations by switching towards
‘Quantised State Systems methods’ which handle the large range of time constants
more efficiently. On the other hand, up-scaling to larger spatial scales will have to
go hand in hand with a reduction of the model complexity through linearisation and
model-order reduction, and stochastic aggregation methods. However, at any time, all
146 | Epilogue
computational gains have to be evaluated with respect to the loss of detail.
Scaling to larger regions also requires scaling of the declarative description to include
a realistic spread in results. The latter may be tackled by the development of a ‘Spatial
Data Infrastructure’ based on the notion of ‘Geographic Information Systems’, ‘Build-
ing Information Modelling’, sensor data and the required simulation metadata. As
such, the concept of representative building and neighbourhood typologies (whose
generalisation can be questioned based on discontinuities in the considered evaluation
criteria) can be abandoned in favour of full-scale sensitivity studies at building stock
level.
On stochastic boundary conditions. Occupant behaviour has since long been
of main interest in the domain of building energy savings and indoor air quality,
and the related modelling challenges remain an important research question given
its recent coverage in Annex 66 (2014) of the International Energy Agency Energy
in Buildings and Communities Programme, which aims to harmonize research on
stochastic modelling of energy related occupant behaviour in buildings at over 20
research groups. Given the current implementation in the Python StROBe Package,
three main challenges can be identified. First, local disaggregation of statistical data
and demography may improve the quality of modelling with respect to district energy
simulations. This, however, may increase the depicted resulting aleatory uncertainty
regarding occupant behaviour and possibly question the stated observations regarding
the robustness of evaluation criteria towards behaviour. Second, responsive occupant
behaviour towards external price signals or state values is a novel research domain
which can be exploit based on an embedded Python implementation of StROBe in
IDEAS 0.3. Given the presented implementation of behaviour, rebound-like behaviour
can be included by correcting the static proclivity function g(x)j,n to f
(k)
hdrg
(x)
j,n where f
(k)
hdr is
a human demand response factor expressed as a function of time-dependent variables
of system k. Last, sensor-based (modelling or) input of occupant behaviour increases
its case-sensitive applicability.
On externalities of heat pump based dwellings. The current approach on heat
pump based externalities at the low-voltage grid is only one approach among many
which look at the dwelling as a part of many energy systems. In general, the current
approach can be continued at two tracks. At first, given the stated benchmarks regard-
ing the present worth revenue requirements of the distribution system operator, the
potential of automated demand response can be estimated regarding the objective to
minimize the components which increase the revenue requirements. The latter capac-
ity of control will, however, be dependent on the design of the building, the building
system and the distribution system; thus requiring a comprehensive integration of
optimal control and optimal design. Second, the approach of externalities based on
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design and control can be extended to all different systems regarding distribution,
transmission and storage and all matching market mechanisms.
The latter may as well render the conjecture that low-voltage network constraints are
of minor importance in comparison to all other phenomenon; Cogitationes posteriores
sunt saniores.

Appendix A
The Modelica IDEAS Library 0.3
As stated earlier in Chapter 3.2 on page 27, we developed the Modelica IDEAS Library,
a transient district energy model environment. The development of the Modelica
IDEAS Library is a joint effort of the KU Leuven Building Physics Section of the de-
partment of civil engineering, the Applied Mechanics and Energy Conversion Section
of the department of mechanical engineering, and the Electrical Energy and Computer
Architectures Section of the department of electrical engineering. The tool is initiated
in 2010 by R.Baetens and R.De Coninck in the KU Leuven Energy Institute project
entitled ‘Optimal Energy Networks for Buildings’ and its development is continued as
part of Annex 60 of the International Energy Agency Energy in Buildings and Commu-
nities Programme entitled ‘New generation computational tools for building and community
energy systems based on the Modelica and Functional Mockup Interface standards’. Here,
numerically-sound base classes have been developed for fluid-based systems as com-
mon basis for existing and new Modelica-based building simulation environments at
different research institutes.
Whereas the corpus of the presented work only shows an ‘executive summary’ of the
implemented equations, the following sections will give an in-depth representation of
them. Given the notion that the development of the Modelica IDEAS Library is a joint
effort, the main contributions of the author of this work may be found in the initial
development, the climate description and the development of the transient building
energy model – at which as such the following elaborate description will focus based
on the following conventions and nomenclature:
– We denote by R the set of real numbers, by R+ the set of positive non-zero real
numbers, and by N the set of natural numbers N , {1, 2, ...}.
– We write a , b to denote that a is equal to b by definition.
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– f (.) denotes a function where (.) stands for the designated variable. f (x) de-
notes the value of f (.) for the argument x. The notation f : A→ B indicates that
the domain of f (.) is in the space A, and that the image of f (.) is in the space B.
– The heat input Q˙ and mass input m˙ into a thermodynamic system are positive
quantities.
A.1 Climatic boundary conditions
In this section, we describe in detail the model for climatic boundary conditions im-
plemented as part of the Modelica IDEAS Library. For building and district simula-
tion purposes, a set of external factors are to be known, i.e. the external temperature
Tdb,e(t) and humidities φe(t) for transient heat losses by conduction, infiltration and
ventilation, the wind velocities v10(t) defining convection and infiltration rates, the sky
temperature Tce(t) for longwave exterior radiation losses and shortwave gains E
(k)
e (t)
on surfaces k by solar irradiation. Whereas the solar irradiation requires a detailed
calculation of surface properties in relation to the position of the sun in the sky, the
remaining variables can be deduced from the Typical Meteorological Year 3 weather
data. As such, a distinction is made in IDEAS 0.3 between global weather data and
system-dependent weather data, and we will described them successively.
A.1.1 Global weather data
A first requirement for energy simulations is the knowledge of the global weather data,
i.e. the climate variables which are independent of surface. Definition of the global
weather data is implemented in IDEAS.Climate and determined by instantiation of
IDEAS.SimInfoManager in the simulation model.
The meteorological database Meteonorm by the company Meteotest is a comprehen-
sive source of (all mentioned) weather data for engineering applications in Europe and
this system is used within this context.129 The retrieved data from Meteonorm 7 is used
in the common *.tmy3 format of a Typical Meteorological Year mainly defining the ex-
ternal temperature Tdb,e(t) and humidities φe(t), the wind velocities v10(t), and global
and diffuse shortwave solar irradiation E(h)e (t), E
(
dh)(t) on the horizontal surface.
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Denote that recorded solar radiation data E(h)e (t) and E
(
dh)(t) in the meteorological
climate data are defined as the amount of radiative energy received during the time
interval ending at the given time indicated in the data file. This gives the recorded
radiation data an average time delay of half a time interval, which might rise problems
Climatic boundary conditions | 151
in the time intervals of sunset and sunrise. To reduce its impact, the used solar data is
the given solar data in the climate data file shifted half an interval to the past.
Given the *.tmy3 file format, one more temperature needs to be determined from the
retrieved meteorological data from the Meteonorm system. The longwave radiative
heat exchange of an exterior surface with a cloudy sky is calculated based on the
temperature of the celestial dome. We define the black-body sky temperature Tce(t)
based on the sky model of M.Martin & P.Berdahl as126;202
Tce(t) = Tdb(t)
4
√
εce(t) (A.1)
where Tdb(t) is the exterior dry bulb temperature at ground level and εce(t) is the
cloudy sky emissivity.20;21;126 To take into account the impact of clouds, this emis-
sivity is defined by a clear sky emissivity εcl(t) and a longwave cloud amount Clw(t) as
εce(t) , εcl(t) + Clw(t)ςcl(t) (A.2)
εcl(t) = ε0(t) + ∆εh(t) + ∆εe(t) (A.3)
where the clear sky emissivity is the sum of a reference emissivity ε0(t), ςcl(t) equals
1− εcl(t), a diurnal correction ∆εh(t) taking into account observed differences in sky
emissivity between day and night, and an elevation correction ∆εe(t). M.Martin &
P.Berdahl describe ε0(t), ∆εh(t) and ∆εe(t) by polynomial fits on measurement data as
ε0(t) ' 0.711+ 0.56 10−2 ϑdp(t) + 0.73 10−4 ϑ2dp(t) (A.4)
∆εh(t) ' 0.013 cos h(t) (A.5)
∆εe(t) ' 0.012 10−2 (pe(t)− 1000) (A.6)
where ϑdp(t) (◦C) is the dew point temperature given in the meteorological data, h(t)
is the hour angle as defined in Equation A.13 on page 153, and where pe(t) (mbar) is
the given air pressure in the meteorological data.
The computation of the longwave cloud amount Clw(t) as stated in Equation A.3 is
more complex with respect to the given data: The meteorological data provides the
opaque sky cover Cop(t) and the total sky cover Cto(t) expressed in tenths, defining
the amount of sky covered by clouds preventing the observation of the sky and the
amount of sky covered by obscuring phenomena respectively as defined by W.Marion
& K.Urban.124 Assuming that the visual cloud amount and infrared cloud amount
are equal, the infrared cloud amount can be expressed as:
Clw(t) = εc,opΓop(t)Cop(t) + εc,tlΓtl(t)
(
Cto(t)− Cop(t)
)
(A.7)
where εc,op(t) and εc,tl(t) the longwave emissivity of the opaque and translucent
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clouds assumed to be 1.0 and 0.4 respectively, and Γop(t) and Γtl(t) are cloud base
temperature dependency factors, approximated by M.Martin & P.Berdahl as126;202
Γop(t) ' exp
(
hop(t)/h0
)
(A.8)
Γtl(t) ' exp (htl(t)/h0) st. hth(t) = m˜ax
{
hop(t), 8km
}
(A.9)
with hop(t) and htl(t) the ceiling height of the opaque and translucent clouds respec-
tively as set available in the meteorological data, and h0 , 8.2 km.
A.1.2 Solar radiation
The calculation of the direct and diffuse solar irradiation on a tilted surface requires
determination of the position of the sun in the sky in relation to the depicted surface
k. It is therefore not a global known variable but depending on the surface orientation
and inclination.
Definition of the solar radiation is implemented in IDEAS.Climate.Meteo.Solar and
determined by instantiation in all required component models.
Solar geometry
The solar zenith angle ξ(k)(t) of surface k with inclination i(k) and azimuth a(k) is able
to uniquely define the solar radiation on a tilted surface based on the determination
of the annual and daily solar cycle by means of solar time and declination. However,
ξ(k)(t) first requires the definition of the solar time tsol(t), the solar hour angle h(t)
and declination δ(t).
Solar time. The apparent solar time tsol(t) expressed in seconds is based on daily
apparent motion of the sun as seen from the earth. Solar noon is defined as the moment
when the sun reaches the highest point in the sky. Solar time tsol(t) is defined by the
Equation of Time EOT(t) as the difference between solar noon and noon of the local
civil time t?loc(t), i.e.
86
tsol(t) , t?loc(t) + EOT(t) (A.10)
Here, t?loc(t) is to be expressed in relation to the Greenwich civil time t
?
Gre(t) as
t?loc(t) = t
?
Gre(t) +
12h
pi
λloc , t?std(t) +
12h
pi
(λstd − λloc) (A.11)
where λloc is the local longitude and λstd the reference meridian at which the standard
time t?std(t) is defined, i.e. the time of the time zone.
Daylight saving time is taken into account within the simulation as a correction
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of tstd(t) depending on the time of year. Daylight saving time starts in the Euro-
pean Economic Community on March 31− (5y/4+ 4) mod 7, and ends on October
31− (5y/4+ 1) mod 7 where y denotes the year and mod denotes the remainder by
division.191
The depicted Equation of Time EOT(t) defining the difference between solar noon and
noon of the local civil time t?loc(t) is approximated by
EOT(t) ' −120 e sin M(t) + 60 tan2 (ε/2) sin (2M(t) + 2λp) (A.12)
where M(t) is the mean anomaly relating to the position of the sun to the earth in
a Kepler orbit, ε is the earth obliquity and λp the ecliptic longitude of the periapsis,
i.e. the closest approach of the earth to the sun.
Solar hour angle. The hour angle h(t) denotes the angle between the half plane of
the Earth’s axis and the zenith on the one side, and the half plane of the Earth’s axis
and the given location on the other side, and is defined as
h(t) = 2pi
tsol(t)
ty
− pi (A.13)
where tsol(t) is solar time and ty is the length in hours of the earth revolution equal to
8766 hours.
Declination. The declination δ(t) denotes the angle between the solar beam and
the equatorial plane, and is defined as177
sin δ(t) = sin ε cos
(
2pi
n(t) + 10
ny
)
(A.14)
where ε is the earth obliquity, n(t) is the one-based day number, i.e. 1 for January 1, and
ny is the length in days of the earth revolution equal to 365.25 days. The correction of
10 days is required as winter solstice, i.e. , when the apparent position of the sun in the
sky as viewed from the Earth reaches its most northern extreme, occurs at December
21.
Solar zenith angle. Based on the declination δ(t) and the solar hour angle h(t), the
solar zenith angle ξ(k)(t) of a surface k can be uniquely defined. The zenith angle of
the sun to a surface is the angle between this surfaces normal and the suns beam, and
is derived as45;93
cos ξ(k)(t) = sin δ(t) sin ϕ cos i(k) − sin δ(t) cos ϕ sin i(k) cos a(k)
+ cos δ(t) cos ϕ cos i(k) cos a(k)
+ cos δ(t) sin h(t) sin i(k) sin a(k)
+ cos δ(t) cos h(t) sin ϕ sin i(k) cos a(k)
(A.15)
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where ϕ is the latitude of the location defined positive for the northern hemisphere,
h(t) is the hour angle, i(k) is the surface inclination defined as 0 for ceilings and pi/2
for vertical walls, a(k) is the surface azimuth defined as −pi/2 if the surface outward
normal points eastward and 0 if the normal points southward, and where δ(t) is the
solar declination.
Shortwave irradiation on a tilted surface
The global solar irradiation per unit area E(k)e (t) on a surface k can be determined as
the sum of the direct E(k)D (t), the diffuse E
(k)
d (t) and the reflected E
(k)
r (t) radiation:
E(k)e (t) = E
(k)
D (t) + E
(k)
d (t) + E
(k)
r (t) (A.16)
All three factors can be determined for an arbitrary surface based on cos ξ(k)(t)
and a known profile of direct solar irradiation on a random surface. Therefore, a
profile of the global horizontal solar irradiation E(h)e (t) and the total diffuse hor-
izontal radiation E(h)d (t) are retrieved from the global meteorological data, from
which the direct solar radiation on the horizontal surface E(h)D (t) is deduced as
E(h)e (t) − E(h)d (t). The calculation of other configurations besides normal to the so-
lar beam is performed in IDEAS.Climate.Meteo.Solar.BaseClasses.SolDirTil and
IDEAS.Climate.Meteo.Solar.BaseClasses.SolDifTil.
Direct solar irradiation. The relation between the direct solar radiation per unit
area E(k)D on a tilted surface k and the known horizontal direct radiation is defined as:
E(k)D (t) =
cos ξ(k)(t)
cos ξ(h)(t)
E(h)D (t) (A.17)
where E(h)D (t) is the known direct solar radiation on the horizontal surface, ξ
(h)(t) is
the solar zenith angle of the horizontal surface h and ξ(k)(t) the solar zenith angle or
the depicted surface k as defined in Equation A.15.
The Perez model. Different models for the determination of the diffuse radiation
do exist based on an isotropic or anisotropic model of the sky dome. On account of the
high importance of solar irradiation for different models, a more detailed determina-
tion of diffuse radiation based on an anisotropic sky dome model is favourable. There-
fore, the anisotropic all-weather sky model of R.Perez et al. is implemented, which
defines the diffuse solar radiation E(k)d (t) based on an isotropic background and two
sources of shortwave brightening as143;144
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E(k)d (t)
E(h)d (t)
=
(
1+ cos i(k)
)
2
(1− F1(t)) + cos ξ
(k)(t)
cos ξ(h)(t)
F1(t) + sin i(k)F2(t) (A.18)
wherefore E(h)d (t) is the known diffuse solar radiation on the horizontal surface, i
(k) is
the surface inclination, F1(t) is R.Perez’ coefficient for circumsolar brightening which
is assumed to originate from a point source at the solar position and F2(t) is R.Perez’
coefficient for horizon brightening which is assumed to originate from a line source at
the horizon. The latter however depends on the irradiance conditions as it decreases
in intensity away from the horizon for clear skies, and is negative for overcast skies.
The brightening coefficients F1(t) and F2(t) are therefore determined empirically, and
are parametrized as function of the irradiance conditions as
F(k)1 (t) ' m˜ax
{
0, F11(t) + F12(t)∆(t) + F13(t)ξ(h)(t) ; 0.01
}
(A.19)
F(k)2 (t) ' F21(t) + F22(t)∆(t) + F23(t)ξ(h)(t) (A.20)
where ∆(t) is the sky brightness, ξ(h)(t) is the solar zenith angle for the horizontal
surface and Fij(t) are parameters determined in the R.Perez model based on measure-
ments given in Table A.1 depending on the sky clearness e(t) as defined in Equation
A.21. The depicted values by R.Perez however introduce a non-continuity in the
physical equations, and are therefore interpolated by means of on a once Lipschitz
continuously differentiable Heavyside function H˜ (x, δ) st. δ = 10−2 as elaborated in
Equation A.60 on page 166.
The required sky clearness e(t) is furthermore defined as
e(t) ,
E(h)e (t)
E(h)d (t)
+ κ
(
ξ(h)(t)
)3
1+ κ
(
ξ(h)(t)
)3 (A.21)
where κ equals 5.534 10-6, and the required sky brightness ∆(t) is defined as
∆(t) , mair(t)
E(h)d (t)
Esc
(A.22)
1
mair(t)
' cos
(
ξ(k)(t) + 0.15
(
93.9◦ − ξ(k)(t)
)−1.253)
(A.23)
where mair(t) is the relative air mass, Esc is the solar constant and ξ(k)(t) expressed in
degrees.
Reflected radiation. The last term for the total solar irradiance on a surface k is the
solar irradiation reflected by the environment E(k)r (t). The latter is defined as
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Table A.1: R.Perez’ model coefficients for defining the diffuse solar irradiance based
on the sky clearness e.143
e-bin F11 F12 F13 F21 F22 F23
e ≤ 1.065 -0.00831 0.58773 -0.06206 -0.05960 0.07212 -0.02202
e ∈ ]1.065 , 1.23] 0.12995 0.68260 -0.15137 -0.01893 0.06597 -0.02887
e ∈ ]1.23 , 1.50] 0.32970 0.48687 -0.22110 0.05541 -0.06396 -0.02605
e ∈ ]1.50 , 1.95] 0.56821 0.18745 -0.29513 0.10886 -0.15192 -0.01398
e ∈ ]1.95 , 2.80] 0.87303 -0.39204 -0.36161 0.22556 -0.46204 0.00124
e ∈ ]2.80 , 4.80] 1.13261 -1.23673 -0.41185 0.28778 -0.82304 0.05587
e ∈ ]4.80 , 6.20] 1.06016 -1.59991 -0.35892 0.26421 -1.12723 0.13107
e > 6.20 0.67775 -0.32726 -0.25043 0.15613 -1.37650 0.25062
E(k)r (t) = 0.5 ρ
(
1− cos i(k)
) (
EhD(t) + E
h
d(t)
)
(A.24)
where ρ is the ground reflectance, i(k) the inclination of surface k, and EhD(t) and E
h
d(t)
is the direct and diffuse horizontal radiation respectively. The ground reflectance is
assumed to be constant in time.
A.2 Building thermal response
In this section, we describe in detail the dynamic building model and its possibilities
that are implemented in the Modelica Language 3.2 as part of the Modelica IDEAS
Library. The building model allows simulation of the energy demand for heating and
cooling of a multi-zone building, energy flows in the building envelope and intercon-
nection with dynamic models of thermal and electrical building energy systems within
the platform for comfort measures.
In IDEAS 0.3, the the different physical phenomena of the building’s thermal response
are implemented in the IDEAS.Buildings.Components.BaseClasses which are instan-
tiated in all IDEAS.Buildings.Components, i.e. the models for outer and inner walls,
for windows, for slabs on ground and for thermal zones. Thereon, the conservation
of energy between all building model components is guaranteed by defining all heat
flows in relation to the Modelica.Thermal.HeatTransfer.Interfaces.HeatPort as de-
fined in the Modelica Standard Library 3.2. As such, the successive description is
divided into the description of the wall model and the zone model, wherefore the
window model and the model for ground heat losses are described more in detail as
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an extension to the wall model.
The relevant material properties of the surfaces are in reality complex functions of
the surface temperature, angle and wavelength. However, the assumptions used fre-
quently in engineering applications are that ‘each surface emits or reflects diffusely and is
at a uniform temperature’ and ‘the energy flux leaving a surface is evenly distributed across
the surface and one-dimensional’, and we will adopt this assumption.202
A.2.1 Parallel opaque layers
The description of the thermal response of a wall or a structure of parallel opaque
layers in general is structured similar to the different occurring processes, i.e. , the heat
balance of the exterior surface if applicable, the heat balance of the interior surface
and the heat conduction between both surfaces.
Exterior surface heat balance
The heat balance of the exterior surface k is determined as
q˙(k)cd (t) + q˙
(k)
cv (t) + q˙
(k)
sw (t) + q˙
(k)
lw,e(t) = 0 (A.25)
where q˙(k)cd (t) is the conductive heat flow from the surface into the wall, q˙
(k)
cv (t) the
heat transfer by convection as implemented in BaseClasses.ExteriorConvection,
q˙(k)sw (t) the absorption of direct and diffuse solar irradiation as implemented in
BaseClasses.ExteriorSolarAbsorption, and q˙(k)lw,e(t) the longwave heat exchange
with the environment as implemented in BaseClasses.ExteriorHeatRadiation.
Convection. We define the exterior convective heat flow q˙(k)cv (t) between the
exterior surfaces and the outdoor air based on an convective heat transfer coefficient as
q˙(k)cv (t) = h
(k)
cv (t)
(
Tdb(t)− T(k)s (t)
)
(A.26)
h(k)cv,e(t) = m˜ax
{
5.01 (v10(t))
0.85 , 5.6 ; 0.1
}
W/m2K (A.27)
where Tdb(t) is the outdoor dry-bulb air temperature, T
(k)
s (t) is the surface temperature
and h(k)cv,e(t) is the exterior convective heat transfer coefficient as defined in Equation
A.27 where v10(t) (m/s) is the wind velocity in the undisturbed flow field at 10 meter
above the ground. The stated correlation with v10(t) is introduced to account for
buoyancy driven convection at low wind velocities and forced convection induced
by increasing velocities, and is valid for a v10(t) range of [0.15, 7.5] m/s.42;102 The
depicted values however introduce a non-continuity in the physical equations, and
158 | The Modelica IDEAS Library 0.3
are therefore interpolated by means of a once Lipschitz continuously differentiable
Heavyside function H˜ (x, δ) st. δ = 10−2 as elaborated in Equation A.60 on page 166.
Longwave radiation. We define the longwave radiative heat flow between the
exterior surface and the environment as
q˙(k)lw,e(t) = σε
(k)
lw
((
T(k)s (t)
)4 − F(k)ce T4ce(t)− (1− F(k)ce )T4db(t)) (A.28)
F(k)ce =
1+ cos i(k)
2
(A.29)
as derived from the Stefan-Boltzmann law wherefore σ is the Stefan-Boltzmann
constant, ε(k)lw is the longwave emissivity of the exterior surface, F
(k)
ce the radiant-
interchange configuration factor between the surface and the celestial dome, T(k)s (t) is
the surface temperature and Tdb(t) and Tce(t) are the outdoor dry bulb and celestial
dome temperature respectively.26;75;131;180 The stated Equation A.29 is derived un-
der the assumption that the ground temperature equals the outdoor air temperature,
and that we can treat the surrounding outer environment as a much larger enclosure
compared to the surface area.
Shortwave radiation. We define the absorbed shortwave solar irradiation by the
exterior surface in relation to the incident irradiation as
q˙(k)sw (t) = ε
(k)
sw E
(k)
e (t) (A.30)
where ε(k)sw is the shortwave absorptance of the surface, and E
(k)
e (t) is the total solar
irradiation striking the depicted exterior surface as defined in Equations A.17-A.18 on
page 155.
Interior surface heat balance
The heat balance of the interior surface is determined as
q˙(k)cd (t) + q˙
(k)
cv (t) +
n
∑
j=1
q˙(j,k)sw (t) +
n
∑
j=1
q˙(j,k)lw (t) = 0 : n , |J (k)| (A.31)
where q˙(k)cd (t) denotes the heat flow from the surface into the wall, q˙
(k)
cv (t) the heat
transfer by convection as implemented in BaseClasses.InteriorConvection, q˙(j,k)sw (t)
the shortwave absorption of the direct and diffuse solar light striking surface k through
windows j as implemented in BaseClasses.ZoneLwGainDistribution, q˙(j,k)lw (t) the
longwave heat exchange of surface k with the surrounding interior surfaces j as imple-
mented in BaseClasses.ZoneLwDistribution,J (k) the set of all surfaces j surrounding
k and n the cardinality of J (k).
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Convection. We define the interior convective heat flow q˙(k)cv (t) between the interior
surfaces and zone air based on an convective heat transfer coefficient as
q˙(k)cv (t) = h
(k)
cv
(
Tdb(t)− T(k)s (t)
)
(A.32)
h(k)cv (t) = m˜ax
{
1, n(k)1
(
D(k)
)n(k)2 ∣∣∣Tdb(t)− T(k)s (t)∣∣∣n(k)3 ; 0.1
}
(A.33)
similar to Equation A.26 with Tdb(t) the indoor dry-bulb temperature, T
(k)
s (t) the sur-
face temperature and h(k)cv (t) the interior natural convective heat transfer coefficient. As
the room-side heat transfer coefficient couples the room air temperature to the tempera-
ture of building components, detailed computation of its value is important. Therefore
we define h(k)cv (t) as in Equation A.33 where D(k) is the characteristic length of the
surface and n(k)i are coefficients correlating the occurring buoyancy forces and the heat
transfer. These parameters {n(k)1 , n
(k)
2 , n
(k)
3 } are set identical to {1.823,-0.121,0.293} for
vertical surfaces, {2.175,-0.076,0.308} for horizontal surfaces with enhanced convec-
tion, i.e. with a heat flux in the same direction as the buoyancy force, and {2.72,-,0.13}
for horizontal surfaces with reduced convection, i.e. with a heat flux in the opposite
direction as the buoyancy force as defined by A.Khalifa et al. and H.Awbi et al. 14;107
Note that the interior natural convective heat transfer coefficient is only described as a
function of the temperature difference. An overview of more detailed correlations in-
cluding the possible higher air velocities due to mechanical ventilation can be found in
literature but these are not implemented.18 The depicted values however introduce a
non-continuity in the physical equations, and are therefore interpolated by means of on
a once Lipschitz continuously differentiable Heavyside function H˜ (x, δ) st. δ = 10−2
as elaborated in Equation A.60 on page 166.
Longwave radiation. Longwave radiation between two internal surface k and j can
be described by a thermal circuit formulation as29;30;137
q˙(k)lw (t) = q˙
(k)
lw,g(t) +
n
∑
j=1
σ f(j,k)
((
T(k)s (t)
)4 − (T(j)s (t))4) : n , |J (k)| (A.34)
1
f (j,k)
=
ς
(k)
lw
ε
(j)
lw
+
1
F(j,k)
+
A(k)
∑nj=1 A
(j)
(A.35)
A(j)F(j,k) =
∫
S(j)
∫
S(k)
cos θp cos θx
pir2
dS(k)dS(j) (A.36)
wherefore q˙klw,q(t) is the received longwave radiation from internal gains, f
(j,k) is a
factor to include the effect of geometry and emissivity of solid surfaces contributing
to net radiation between j and k, ε(k)lw and ε
(j)
lw are the longwave emissivities of
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the surfaces, ς(k)lw is the longwave reflectivity equal to 1 − ε
(k)
lw , F
(j,k) is Lambertian
geometric configuration factor between these surfaces, A(k) and A(j) are the areas of
surfaces k and j respectively, J (k) is the set of all surfaces j surrounding surface k, n
is the cardinality of J (k), σ is the Stefan-Boltzmann constant, and T(k)s (t) and T(j)s (t)
are the respective surface temperatures.26;75;131;180
The above description of longwave radiation for a room or thermal zone results
in the necessity of a very detailed input, i.e. the configuration between all surfaces
needs to be described by their shape, position and orientation in order to define
F(j,k) as Equation A.36 which introduces main difficulties for windows and internal
heat gain sources in the zone of interest. Simplification is achieved by means of a
delta-star transformation and the definition of a (fictive) radiant star node in the zone
model.105 Literature shows that the overall model is not significantly sensitive to this
assumption.118 The heat exchange by longwave radiation between surface k and the
radiant star node in the zone model can be described as
q˙(k)lw (t) = q˙
(k)
lw,g(t) + σ f
(k)
rs
((
T(k)s (t)
)4 − (Trs(t))4) (A.37)
1
f (k)rs
= ε
(k)
lw +
A(k)
∑nj=1 A
(j)
: n , |J (k)| (A.38)
where ε(k) is the emissivity of surface k, A(k) is the area of surface, ∑j A(j) is the sum
of areas for all surfaces j of the thermal zone, σ is the Stefan-Boltzmann constant131
and T(k)s (t) and Trs(t) are the temperatures of surfaces k and the radiant star node
respectively.
Shortwave radiation. Absorption of shortwave solar radiation on the interior sur-
face is handled equally as for the outside surface. Determination of the receiving
solar radiation on the interior surface after passing through windows is dealt with
in ..BaseClasses.ZoneLwGainDistribution as part of the thermal zone model and
described on page 166.
Wall conduction process
For the purpose of dynamic building simulation, the partial differential equation of
the continuous time and space model of heat transport through a solid is most often
simplified into ordinary differential equations with a finite number of parameters
representing only one-dimensional heat transport through a construction layer.
Within this context, each layer of an opaque wall is modelled with lumped elements
in ..BaseClasses.MonoLayerOpaque, i.e. a model where temperatures and heat fluxes
are determined from a system composed of a sequence of discrete resistances and
capacitances Rn+1, Cn. The number of capacitive elements n used in modelling the
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transient thermal response of the wall denotes the order of the lumped capacitance
model.
∂Tn(t)
∂t
Cn = Q˙n−1(t) + Q˙i,n(t) + Q˙n+1(t) (A.39)
where Tn(t) is the temperature of the lumped capacity n, Cn is the thermal capacity
of the lumped capacity assumed constant and equal to ρcdA for which ρ denotes the
density and c is the specific heat capacity of the material and d the equivalent thickness
of the lumped element, where Q˙n−1(t) and Q˙n+1(t) are the heat fluxes through the
lumped resistance on either side of the lumped capacity with a total thermal resistance
Rn,i for the lumped resistance equal to d/ (λA) for which d denotes the equivalent
thickness of the lumped element, λ the thermal conductivity and where Q˙i,n(t) is the
heat flux from an internal thermal source, e.g. from embedded heating systems.
The order n of every layer in a wall is defined by comparison with a reference d/α
for which a reference order is stated as introduced by M.Wetter et al. ,207 where d is
material layer thickness and α is material thermal diffusivity defined as λ/ (cρ). By
default, the reference is 3 states for 20 cm layer of dense concrete.
A.2.2 Windows
The thermal model of a window is similar to the model of an exterior wall but includes
the absorption of solar irradiation by the different glass panes, the presence of gas
gaps between different glass panes and the transmission of solar irradiation to the
adjacent indoor zone. It therefore has an updated ..BaseClasses.MonoLayerOpaque
as defined in ..BaseClasses.MonoLayerLucent, which is instantiated in parallel to
..BaseClasses.SwWindowResponse for defining the transmission and absorption of
solar irradiation.
Gap heat transfer. The total heat transfer per unit area q˙cd(t) through thin
gas-filled gaps as present in modern glazing systems is described as the sum of the
convective heat transfer through the gap and the longwave heat transfer between the
two surfaces
q˙cd(t) = Nug(t)
λg
dg
(
T(k)s (t)− T(j)s (t)
)
+
σε(k)ε(j)
1− ς(k)ς(j)
((
T(k)s (t)
)4 − (T(j)s (t))4)
(A.40)
Nug(t) = n1
(
Grg(t)
)n2 (A.41)
Grg(t) =
gβρ2gd3g
µ2g
(
T(k)s (t)− T(j)s (t)
)
(A.42)
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where dg is the gap width, Nug(t) is the Nusselt number of the gas inside the cavity,
ε
(k)
g is the longwave emissivity of the surfaces, ς
(k)
g equals 1− ε(k)g and T(k)s (t) is the
surface temperature. The Nusselt number of the present gas in the gap describing
the ratio of convective to conductive heat transfer is generally described where Grg(t)
is the Grashof number approximating the ratio of buoyancy to viscous force acting
on the window gap gas, g is the gravitational acceleration, β is the coefficient of
thermal expansion, ρg is the gas density, µg is the gas viscosity and n: are correlation
coefficients. These parameters {n1, n2} are identical to {1.0,0} for all Grg(t) below
7.103, {0.0384,0.37} for all Grg(t) between 104 and 8.104, {0.41,0.16} for all Grg(t)
between 8.104 and 2.105 and {0.0317,0.37} for all Grg(t) above 2.105.
Shortwave optical properties. The properties for absorption by and transmission
of shortwave radiation through glazing are taken into account depending on the
angle of incidence of solar irradiation. The windows’ spectral properties are however
not calculated within the Modelica IDEAS Library, but obtained in pre-process
from the LBNL Windows and Daylighting Software Window 4.052 as validated by
D.Arasteh10 and R.Furler55;56.
The applied implementation in ..BaseClasses.SwWindowResponse requires the
spectrally averaged window properties as model parameters, i.e. the directional
total transmittance Tsw,4(t) and the hemispherical total transmittance Tsw,♦(t) of
the complete glazing, and the directional total absorbtance {A(j)sw,4(t)}J and the
hemispherical total absorbtance {A(j)sw,♦(t)}J for each glass pane j ∈ J of the
glazing. As such, the transmitted direct irradiation E(k)D,t(t) and the transmitted diffuse
irradiation E(k)d,t (t) on surface k, and the absorbed irradiation q˙
(j)
abs(t) in window pane j
are defined as
E(k)D,t(t) = Tsw,4(t)E
(k)
D (t) (A.43)
E(k)d,t (t) = Tsw,♦(t)E
(k)
d (t) (A.44)
q˙(j)abs(t) = A
(j)
sw,4(t)E
(k)
D (t) + A
(j)
sw,♦(t)E
(k)
d (t) (A.45)
with E(k)D (t) and E
(k)
D (t) respectively the incident direct and diffuse incident solar
irradiation on surface k.
These properties are obtained for each incident angle ξ ∈ I , {0◦, 10◦, 20◦, . . . , 90◦,♦}
in Window 4.0 by solving the set of equations
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T(s)i,j−1T
(s)
j,j = T
(s)
i,j
(
1− R(s f )j,j R
(sb)
j−1,i
)
(A.46)(
T(s)i,j−1
)2
R
(s f )
j,j =
(
R
(s f )
i,j − R
(s f )
i,j−1
) (
1− R(s f )j,j R
(sb)
j−1,i
)
(A.47)(
T(s)j,j
)2
R(sb)j−1,j =
(
R(sb)j,i − R
(s f )
j,j
) (
1− R(sb)j−1,iR
(s f )
j,j
)
(A.48)
A(s)j = T
(s)
1,j−1
1− T(s)j,j − R
(s f )
j,j
1− R(s f )j,N R
(sb)
j−1,1
+ T(s)1,j R
(s f )
j+1,N
1− T(s)j,j − R
(sb)
j,j
1− R(sb)j,1 R
(s f )
j+1,N
(A.49)
for all T(s)1,N and {A
(s)
j }Jj=1 based on the notion that all the spectral properties Ps ,
{T, R, A} are defined as ∫ P(λ)E(λ)s dλ wherefore Es is the solar spectral irradiance, and
T(s,λ)i,j and R
(s,λ)
i,j refer to the solar transmittance through and the solar reflectance from
i to j as a function of wavelength λ as if they were standing alone. The superscripts f
and b denote respectively reflectance from the front and back side.
The resulting output from Window 4.0 depicts an array of the transmittances {Ti}Ii=1
through the window and the absorptances {{Aij}Jj=1}Ii=1 for each glass pane j ∈ J
and incidence angle ξ ∈ I .
Solar shading
Solar shading reduces the solar irradiance E(k)e (t) striking a surface k. So far, two
types of structures are implemented which can shade a surface and thus reduce the
shortwave radiation on a surface, i.e. an exterior screen in the pane of the surface as im-
plemented in IDEAS.Buildings.Components.Shading.Screen, and surface overhangs
and side fins as implemented in IDEAS.Buildings.Components.Shading.Box.
Exterior solar screen. The implementation of an exterior solar screen in the
surface pane is straightforward. The transmitted direct solar irradiation E(k)D,t(t) and
transmitted diffuse solar irradiation E(k)d,t (t) are
E(k)D,t(t) = E
(k)
D (t)
(
1− fp(t)
)
(A.50)
E(k)d,t (t) = E
(k)
d (t)
(
1− fp(t)
)
+ fsha fp(t)E
(k)
e (t) (A.51)
where fp(t) is the position of the screen between 0 and 1 and where fsha is the short-
wave transmittance of the exterior screen. The notation of E(k)d,t (t) states that all solar
radiation transmitted through the solar shading is seen as being diffuse, even for the
direct incident solar radiation.
Overhangs for vertical surfaces. Horizontal and vertical projections above and
besides windows are able to intercept the direct component E(k)D (t) of solar radiation
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depending on the geometry of the obstructing and receiving surface. The unlit area
A(k)sl of a surface with width w and height h, and vertical and horizontal projec-
tions Pv and Ph at a distance Rw and Rh of the receiving surface edges is determined as
A(k)sl (t) =
(
w− Pv
∣∣∣tan α(k)(t)∣∣∣+ Rw)
h− Ph tan
(
pi − ξ(h)(t)
)
cos α(k)(t)
+ Rh
 (A.52)
E(k)D,t(t) = E
(k)
D (t)
1− A(k)sl (t)
A(k)
 (A.53)
with α(k)(t) the solar azimuth of surface k and A(k) the total window area.
A.2.3 Ground slabs
The heat flow through building envelope constructions in contact with a ground
slab is the same for the interior surface and the wall conduction process, but dif-
fers at the exterior surface in contact with the ground. As the heat transfer through
the ground is 3-dimensional and defined by a large time lag, the exterior surface
heat balance is generally approximated based on ISO Std. 13370 as implemented in
IDEAS.Buildings.Components.SlabOnGround.
The total heat flow Q˙(k)cd (t) through the ground is given by
Q˙(k)cd (t) = L
(k)
S [T¯i − T¯e]− L
(k)
pi Tˆi cosγi(t) + L
(k)
pe Tˆe cosγe(t) (A.54)
where L(k)S is the steady-state thermal coupling coefficient, Lpi and Lpe are the internal
and external periodic thermal coupling coefficients respectively, T¯ is the annual average
temperature, Tˆ is the annual average temperature amplitude, and γi(t) and γe(t)
determine the time lag of the heat flow cycle compared with that of the internal and
external temperature respectively.
The steady-state thermal coupling coefficient L(k)S is determined as
L(k)S = A
(k)λg
(
0.457B(k)t + d
(k)
t + 0.5z
(k)
)−1
+ z(k)P(k) 2λg
piz(k)
(
1+ 0.5d
(k)
t
d(k)t +z(k)
)
ln
(
z(k)
d(k)t
+ 1
) (A.55)
and periodic thermal coupling coefficients L(k)pi and L
(k)
pe are determined as
L(k)pi = A
(k) λg
d(k)t
√√√√√ 2(
1+ δ
d(k)t
)2
+ 1
; L(k)pe = 0.37P(k)λg ln
(
δ
d(k)t
+ 1
)
(A.56)
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where A(k) is the wall, i.e. floor, area, λg is the thermal conductivity of the unfrozen
ground, B(k)t is the characteristic dimension of the floor, d
(k)
t is the equivalent thickness
of the wall construction, z(k) is the depth of the wall, i.e. floor, below ground level, δ
is periodic penetration depth (i.e. the depth in the ground at which the temperature
amplitude is reduced to 1/e of that at the surface) and P(k) is the exposed perimeter of
the wall. The angle γe(t) is determined as 2pit(t)/tyr + pi/12− arctan dt,i/
(
d(k)t + δ
)
and γe(t) is determined as 2pit(t)/tyr + pi/12+ 0.22 arctan δ/
(
d(k)t + 1
)
.
A.2.4 Thermal zones
In building energy simulation models, walls and windows form the enclosure of a
thermal zone reflecting one or multiple rooms in a building. Also the thermal response
of such a zone can be divided into a convective, longwave radiative and shortwave
radiative process as implemented in IDEAS.Building.Components.Zone influencing
both the thermal comfort in the depicted zone as well as the response of adjacent wall
structures.
The zones’ air node. The air within the zone is modelled based on the assumption
that it is well-stirred, i.e. it is characterized by a single uniform air temperature. The
convective gains and the resulting change in air temperature Ta(t) of a single thermal
zone can be modelled as a thermal circuit. The resulting heat balance at constant
pressure for the air node can be described as
∂Ta(t)
∂t
caVa =
G
∑
g
Q˙(g)a (t)+
J
∑
j
h(j)cv (t)A(j)
(
T(j)s (t)− Ta(t)
)
+
F
∑
f
m˙( f )a (t)∆h
( f )
a (t) (A.57)
wherefore the specific air enthalpy ha(t) is determined as caϑa(t) + χa(t)cwϑa(t) +
χa(t)hw,ev(t) and where Ta(t) is the air temperature of the zone, ca is the specific heat
capacity of air at constant pressure, Va is the zone air volume, Q˙
(g)
a (t) is a convective
internal load, h(j)cv (t) is the convective surface resistance of surface j, A(j) is the area of
surface j, T(j)s (t) the surface temperature of surface j, m˙
( f )
a (t) is the air flow rate from
a source f with an enthalpy difference ∆h( f )a (t) relative to the zone air, ϑa(t) is the air
temperature (◦C), χa(t) is the air humidity ratio, cw is specific heat of water vapour at
constant pressure and hw,ev is evaporation heat of water at 0◦C.
The definition of all air enthalpies ha(t) is based on the Modelica Annex 60 Library
implementation of Annex60.Media.SimpleAir and the use of the Annex60.Media.Fluid
baseclasses. It is assumed that the zone supply air mass flow rate m˙+(t) is at any time
equal to the sum of the air flow rates leaving the zone m˙−(t), and all air streams m˙−(t)
exit the zone at the zone mean air temperature Ta(t).
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A multiplier for the zone capacitance fc,a is included. This multiplier increases the
capacitance of the air volume by increasing the zone volume and is generally included
to account for thermal inertia in the air node, e.g. thermal plumes. By default, this
multiplier is set to 5.0.127
Longwave radiation. The exchange of longwave radiation in a zone has been
previously described by Equation A.31 on page 158 and further considering the
heat balance of the interior surface. Here, an expression based on radiant inter-
change configuration factors of view factors is avoided based on a delta-star trans-
formation and by definition of a radiant star temperature Trs(t) as implemented in
..BaseClasses.ZoneLwDistribution. Literature shows that the overall model is not
significantly sensitive to this assumption.118 This Trs(t) can be derived from the law of
energy conservation in the radiant star node as ∑i Qi-rs(t) must equal zero. Long wave
radiation from internal sources are dealt with by including them in the heat balance
of the radiant star node resulting in a diffuse distribution of the radiative source.
Shortwave radiation. Transmitted shortwave solar radiation is distributed over all
surfaces in the zone in a prescribed scale. This scale is an input value which may be
dependent on the shape of the zone and the location of the windows, and set by default
to an e(k)A(k) weighted factor with e(k) the surface longwave emissivity and A(k) the
surface area. Literature shows that the overall model is not significantly sensitive to
this assumption.118
A.3 Additional notes
Many of the preceding physical functions use a minimization or maximization
between two variables or terms. As they introduce a non-differential equation in our
set of equations, a once Lipschitz continuously differentiable approximation is defined
for them by rewriting them based on a once Lipschitz continuously differentiable
approximation of a Heavy side function H˜ (x; δ) as introduced by M.Wetter et al. 207
as
m˜in (a, b; δ) , a + xH˜ (−x; δ) st. x = b− a (A.58)
m˜ax (a, b; δ) , a + xH˜ (x; δ) (A.59)
for a, b ∈ R wherefore H˜ (x; δ) is approximated as
H˜ (x; δ) ,

0 : ∀ x < −δ
0.5 sin
(
0.5 pixδ−1 + 1
)
: ∀ − δ ≤ x < δ
1 : ∀ δ ≤ x
(A.60)
Appendix B
IDEAS’ BES-model validation
Two distinct methods are used to validate the implemented building energy simulation
(BES) model of the Modelica IDEAS Library, i.e.
– The well-established IEA SHC Task 12 BESTEST verification which is an inter-
model comparison for transient building energy models benchmarking, and
– The novel IEA EBC Annex 58 TwinHouse validation which is a blind validation
test for transient building energy models.
B.1 IEA SHC Task 12 BESTEST verification
First, the thermal building component models are verified using the BESTEST (short for
‘building energy simulation test and diagnostic method’) method which was developed
in conjunction with Task 8, Task 12 and Task 22 of the International Energy Agency
Solar Heating and Cooling Programme and Annex 21 of the International Energy
Agency Buildings and Communities Programme, and which is later-on ratified in the
American ANSI/ASHRAE Std. 140-2001.13;101;136 The method implies an inter-model
comparison for a set of test cases verifying peak heating and cooling loads, annual
heating and cooling demands and thermal comfort occurring as a result of thermal
mass, solar gains, shading, infiltration, internal heat generation and thermostat.
Description of the specified ‘basic test cases’
We will present a short overview of the used ‘basic test cases’. A more elaborated
description of all cases can be found in the original documents of J.Neymark and
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R.Judkoff, or in the American ANSI/ASHRAE Std. 140-2001.13;101;136 There are two
main series in the basic test cases, i.e.
– The 600-series denoting the low mass basic test cases 600-650 and their free-float
variants which use a light-weight building envelope, and
– The 900-series denoting the high mass basic test cases 900-950 and their free-float
variants which use a light-weight building envelope and floor.
As IDEAS 0.3 allows modelling all required conditions in the basic test cases, all cases
600 to 650 and 900 to 950 are simulated and verified with the reference results of ESP,
BLAST, DOE2.1D, SUNCODE, SERIRES, S3PAS, TRNSYS and TASE.
For a fair comparison of the IDEAS 0.3 simulations with the reference results in
BESTEST, two changes are made in the building energy implementation. On the one
side, the specific heat capacity of air as a medium is lowered to match the assumed
high altitude of the basic test case. On the other hand, all convective surface heat coef-
ficients are simplified from the implemented temperature dependency in the form of
n1Dn2 |Tdb(t)− Ts(t)|n3 to the mentioned constant reference convective surface coeffi-
cients. All cases are included in the Modelica IDEAS Library and their implementation
can be found in IDEAS.Buildings.Validation.Cases.
Results and verification
An overview of the obtained comparison for all annual loads and peak loads is given
in Figure B.1 for the low and heavy mass base cases. Therefore, a relative error e(zi)rel
is defined as
(
z?i /〈z?i 〉
) − 1 describing the observed value z?i normalized by the all-
code mean value 〈z?i 〉 of the BESTEST reference results of the depicted eight building
energy simulation tools. The denoted representation in Figure B.1 as such compares the
obtained e(zi)rel for the Modelica IDEAS Library with the range of relative errors observed
for ESP, BLAST, DOE2.1D, SUNCODE, SERIRES, S3PAS, TRNSYS and TASE respectively.
For all light mass cases 600 to 650, IDEAS 0.3 agrees well with the results of the
reference results of the tested programs. As shown in Figure B.1, the range of e(zi)rel of
the tested programs is small and lie generally within (-0.2,0.2) except for the hourly
integrated peak heating load in case 630. The relative error for IDEAS 0.3 is within
(-0.1,0.1) and thus, although no quantitative benchmarks are given in the test method,
considered to agree well with the reference results.
For all heavy mass cases 900 to 950, IDEAS 0.3 is on the lower side of the reference
results of the tested programs. As shown in Figure B.1, the range of e(zi)rel of the tested
programs is much larger in comparison to the light mass cases and lie generally within
(-0.4,0.4) for the heating criteria and within (-0.2,0.2) for the cooling criteria. The relative
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Figure B.1: Verification of the IDEAS 0.3 building energy simulation model (denoted
as ◦) by BESTEST’s inter model comparison, denoting the annual heating loads E(yr)hea ,
the annual cooling loads E(yr)coo , the hourly integrated peak heating loads P
(τ60)
hea and
hourly integrated peak cooling loads P(τ60)coo normalized by the all-code mean for the
low and heavy mass base cases.
error for IDEAS 0.3 is within (-0.2,0) and always within the stated range of reference
results. Thus, although no quantitative benchmarks are given in the test method, the
obtained results are considered to agree well enough with the reference results.
B.2 IEA EBC Annex 58 TwinHouse validation
After the BESTEST verification and recognizing the limitations of an inter-model com-
parison approach based on two theoretical cases who distinct fairly from real-case
applications, IDEAS 0.3 has been used in the blind-validation exercise performed in
IEA EBC Annex 58 as described in.
Description of the specified the test case
The IEA EBC Annex 58 validation experiment is conducted on the ‘O5 Twin house’ at
the Fraunhofer Institute in Holzkirchen (Germany), and an elaborate description of
the building is given by M.Kersken et al. (2014)106.
The building is a single-family detached dwelling constructed with brick walls and
concrete ceilings, and is in line with the German energy code de dato 2009 denoting
building envelope heat transfer coefficients between 0.17 and 0.27 W/m2K. A detailed
description of the dwelling is given by M.Kersken et al. and its implementation in
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IDEAS 0.3 by G.Reynders.106;150 The Annex 58 validation experiment consists of three
stages enabling detailed building energy simulation model validation, identification of
low-order building models and characterisation of thermal properties, which was the
main aim in the IEA EBC Annex 58 project. The experiment consists of a 7-week period
with alternating periods of constant indoor temperature, of dynamic heat input and of
free-floating conditions for which measurement data of the boundary conditions are
available at 60 second resolution, i.e. the indoor and outdoor temperature, the solar
radiation, the ventilation rates and supply temperature, and the heating power.
Given the restrictions of the building energy simulation model in the Modelica IDEAS
Library, thermal bridges are (as a simplification) included as a direct loss term Q˙tb in
the heat balance of the thermal zone equal to
Q˙tb ,∑
i
∑
j
(
Tdb,e − Tdb,i
)
Ψi,jLi,j (B.1)
where Ψi,j is the linear thermal bridge coefficient of thermal bridge j in zone i with
length Li,j.
Results and verification
A short summary of the main results will be given in the following paragraphs. For a
more elaborate description of the validation results, we would like to refer the reader
to the dissertation of G.Reynders (2015).150
For all periods with a fixed set-point temperature, the IDEAS 0.3 implementation
shows a slight underestimation of the heating power. Here, normalized root mean
square errors are noted within (0.11,0.15), wherefore the highest deviations are found
at moments of high solar gains.∗
For the first period in which a pseudo-random heating input signal is used, larger
differences occur. Maximum deviations are found of 3.2◦Cto 4.6◦C in different zones
at moments where the measurements show significant stratification in the rooms.
Contrary, for the second period in which a heating input signal is used, much smaller
differences occur with maximum deviations of 0.5◦Cto 0.7◦C in different zones.
Note that the observed underestimation of the required heating power is in accordance
to the findings for the heavy mass basic test cases in BESTEST.
∗The normalized root mean square error is defined as (
√
∑(y? [n]− y[n])2/n)/(ymax − ymin) with y? [n]
the simulated signal, y[n] the measured signal and n the number of samples.
Appendix C
Nomenclature
C.1 General
, Equal by definition
〈i〉 Mean value of all observed i, -
{i}.98 98th percentile of all observed i, -
i(t) Continuous-time variable i
i[n] Discrete-time variable i
N The set of natural numbers N , {1, 2, ...}
N (µ, σ) Normal distribution with mean µ and standard deviation σ
p(i|j) Probability of i conditional to j, -
Π( · ) Distribution function of · as variable, -
X( · ) Random number of · as distribution function, -
R The set of real numbers
R+ The set of positive non-zero real numbers
C.2 Review of essential work
ar[n] Availability for receptacle load, -
α Appliance
Bi Current state of solar blinds, -
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cCO2 (t) Carbon-dioxide concentration, ppm
Ein Indoor illuminance, W/m2
E(h)e Global horizontal irradiation, W/m
floa Load factor, -
h Household
ks Factor of simultaneity, -
Ω State space of y
pr[n] Proclivity for receptacle load, -
pj(t) Probability of state j, -
pi,j Transition probability of state i to j, -
Pr[n] Receptacle load profile, W
σsh Set-point temperature for space heating, ◦C
σsh Hours of space heating, h
σ′sh Observed set-point temperature for space heating,
◦C
σ′sh Observed building temperatures,
◦C
Tdb,i(t) Indoor dry-bulb temperature, K
Tdb,e(t) Outdoor dry-bulb temperature, K
τ Time resolution, s
Θ Total time span, s
v10(t) Outdoor wind speed, m/s
x Individual person
yt The state of a random variable y at time t, -
C.3 Multi-commodity district energy simulations
Aext Surface area of the exterior walls, m2
Awin Window area, m2
A f lo Floor-on-ground area, m2
Ahea Heated floor area, m2
A Matrix of Runge-Kutta coefficients aij
αi Cluster i, -
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C Compactness, m
eglo Global error, -
ε User-prescribed relative tolerance, -
gi(x) Inequality constraint for x
hi(x) Equality constraint for x
J Jacobian
li Infimum of xi in S
M Constant matrix
µ Mean value, -
n Dimension of yt
S Implicit set of constraints for x
τ Time resolution, s
ui Supremum of xi in S
Vair Air volume, m3
x (Set of) design variables x
yt(x, 1) States in time of the dynamic system with design parameters x
z0(yt) ‘Exact’ reference solution for yt
zi Evaluation criteria i
Zi(..) Evaluation of (..)
Zk k-th approximation of z
C.4 Stochastic boundary conditions in the pervasive space
Physical symbols.
a(x)[n] Activity chain in discrete time of individual x
α Input parameters causing uncertainty
α Statistical significance, -
α Appliance
β j Subset j ⊆ BeTUS’05
β(x) Cluster to which x is appointed to
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C( · ) Clustering of dataset ·
dpd f Density distance function, -
EΩ Annual Ohmic feeder losses, Wh
Eγ Net energy off-take, Wh
E( · ) Expected value of the depicted set of variables
g(x)j,n Proclivity function for activity j of individual x, -
ĝ(x)j Approximate of g
(x)
j,n based on observed data, -
g′β
(x)
j,nd
Observed g(x)j,n in β
(x) ⊆ BeTUS’05 at time nd
H0 Null hypothesis
idpd f Distance, -
ks Factor of simultaneity, -
ln Lead time at time n, s
L(x)n Occupancy lead time density at time n, -
L̂(x)n Approximate of L
(x)
n based on observed data
L′(β
(x))
nd Observed L
(x)
n in β(x) ⊆ BeTUS’05 at time nd
m˙w[n] Hot water tapping profile, L/s
nd Clock-time
n, k Time in discrete notation
n Number of dwellings in depicted neighbourhood, -
o(x)[n] Occupancy chain in discrete time of individual x
o(x)n Occupancy state of x at time n
o′(x)[n] Observed occupancy chain in discrete time of individual x
O(x)n Occupancy event density at time n
Ô(x)n Approximate of O
(x)
n based on observed data, -
O′(β
(x))
nd Observed O
(x)
n in β(x) ⊆ BeTUS’05 at time nd
Ωo Occupancy state space
Ωa Activity state space
Php(t) Heat pump load, W
Pnet(t) Net power exchange, W
Ptra Peak transformer load, VA
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Pα[n] Receptacle load profile for appliance α, W
Pλ[n] Lighting load profile for appliance α, W
Q˙a,g[n] Convective internal heat load profile, W
Q˙lw,g[n] Longwave internal heat load profile, W
r.98 Threshold value at the 98th percentile
s Day-type
S Day-type state space
Top(t) Operative building zone temperature, K
τi Time resolution of i minutes
Tssh[n] Space heating set point temperatures for zone s, K
Uφ Phase feeder voltage, Vor pu
U0 Reference phase voltage, i.e. 230 V
Urmsφ Voltage quality, V
Var( · ) Variation of the depicted set of variables
x Set of parameters
yt State variables
y˜t Uncertain approximation of the state variables yt
zi Evaluation criteria i
Sub- or superscripts.
(x) Variable related to individual x
(h) Variable related to household h
n Defined at time n
C.5 Dwelling externalities cf. low-voltage distribution
Variables.
ar Discount rate in real terms, -
crfr Capital recovery factor, -
DB,i Book depreciation charges in year i, EUR
DT,i Tax depreciation charge in year i, -
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δPWRR(x) Marginal PWRR(x), EUR
E(x)i Negative externalities of design option x in year i, EUR
E(x)bb Backbone electricity demand, J
fb Fraction of capital that is debt, -
F(k)eq,a Equivalent ageing factor of transformer k, -
i Inflation rate, -
Ii Investments in year i, EUR
I(k)max Ampacity of system component k, A
M Life cycle, yr -
nd Number of days, -
Oi Operating costs in year i, EUR
Php(t) Electrical heat pump load profile, W
Pel,0 Reference electricity price, EUR/kWH
Pel,inj Electricity price for injection, EUR/kWh
P(x)bb Backbone power capacity, VA
PWE(x) Present worth of E(x)i , EUR
PWRR(x) Present worth of RR(x)i , EUR
PWTCO(x) Present worth of PWTCO(x)i , EUR
Πi Ad valorem charges in year i, EUR
Q˙(x)0 (t) Nominal capacity of x, W
Q˙hp(t) Thermal heat pump load profile, W
r Discount rate, -
r Effective after-tax rate of return, -
rat Nominal after-tax rate of return on capital, -
rb Required rate on return on debt, -
Ri Benefits in year i, EUR
RR(x)i Revenue requirements of design option x in year i, EUR
σˆ Residual standard error, -
T(k)hs (t) Hottest-spot temperature of transformer k, K
Ths,0 Reference hottest-spot temperature, K
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Ti Income taxes in year i, EUR
Top,d Operative temperature of the day-zone, K
Top,n Operative temperature of the night-zone, K
Tsh,d Heating set-point temperature of the day-zone, K
Tsh,n Heating set-point temperature of the night-zone, K
TCO(x)i Total cost of ownership of design option x in year i, EUR
τ effective tax income rate, -
u f ee Categorical feeder strength indicator, -
u′f ee Continuous feeder strength predictor, -
uins Categorical insulation level indicator, -
u′ins Continuous insulation level predictor, -
usys Categorical heating system indicator, -
u′sys Continuous heating system predictor, -
|uφ,n|(t) Voltage magnitude in phase φ at node n, pu
Urmsφ Characteristic voltage deviation, pu
UAb Total heat transfer, W/K
Vi Unrecovered value of investments at the beginning of year i, EUR
VUFφ,n Voltage unbalance factor at node n,
ximpl Degree of implementation indicator, -
x′impl Normalized degree of implementation indicator, -
xppv Ratio of photovoltaic system sizing, -
x′pvv Normalized ratio of photovoltaic system sizing, -
x Design option i, -
yt State variable time series, -
zi Evaluation criteria i, -
ZI Capital-associated worth factor, -
Sub- or superscripts.
(x) Variable related to design parameters x
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C.6 The Modelica IDEAS Library 0.3
Physical symbols.
a(k) Azimuth of surface k, rad
A(k) Area of surface k, m2
A(j)sw,4(t) Directional total solar absorptance of pane j, -
A(j)sw,♦(t) Hemispherical total solar absorptance of pane j, -
A(k)sl Unlit area of a shaded surface k, m
2
α Material thermal diffusivity, m2/s
B(k)t Characteristic dimension of slab on ground k, m
β Coefficient of thermal expansion, K−1
c Specific heat capacity, J/gK
ca Specific heat capacity of air at constant pressure, J/gK
cw Specific heat capacity of water at constant pressure, J/gK
Clw(t) Longwave cloud amount, -
Cop(t) Opaque sky cover, -
Cto(t) Total sky cover, -
Cn Thermal capacity of the lumped capacity n, J/K
d Equivalent thickness of the lumped element, m
dg Gap width, m
d(k)t Equivalent thickness of construction k, m
D(k) Characteristic length of surface k, m
δ Periodic penetration depth, m
δ(t) Declination, rad
∆εh(t) Diurnal correction of the clear-sky emissivity, -
∆εe(t) Elevation correction of the clear-sky emissivity, -
∆(t) Sky brightness, -
E(k)e (t) Global shortwave irradiation on surface k, W/m2
E(k)d (t) Diffuse shortwave irradiation on surface k, W/m
2
E(k)D (t) Direct shortwave irradiation on surface k, W/m
2
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E(k)r (t) Shortwave irradiation on surface k by reflection, W/m2
Esc Solar constant, W/m2
EOT(t) Equation of Time, s
E(k)D,t(t) Direct irradiation transmitted by surface k, W/m
2
E(k)d,t (t) Diffuse irradiation transmitted by surface k, W/m
2
ε Earth obliquity, rad
εc,op(t) Emissivity of opaque clouds, -
εc,tl(t) Emissivity of translucent clouds, -
εce(t) Cloudy sky emissivity, -
εcl(t) Clear-sky emissivity, -
ε0(t) Clear-sky reference emissivity, -
ε
(k)
lw Longwave emissivity of surface k, -
ε
(k)
sw Shortwave absorptance of surface k, -
fp(t) Position of solar screen, -
fsha Shortwave transmittance of solar screen, -
fc,a Multiplier for air capacitance, -
f (j,k) Geometry factor for longwave radiation between surfaces k and j, -
F(k)ce Radiant-interchange factor between surface k and the celestial dome, -
F1(t) Perez’ coefficient for circumsolar brightening, -
F2(t) Perez’ coefficient for horizon brightening, -
F(j,k) Lambertian geometric configuration factor between surfaces k and j
g Gravitational acceleration, m/s2
Grg(t) Grashof number, -
γi(t) Time lag of heat cycle flow to internal temperature, s
γe(t) Time lag of heat cycle flow to external temperature, s
Γop(t) Opaque cloud base temperature dependency factor, -
Γtl(t) Translucent cloud base temperature dependency factor, -
h Height, m
hw,ev Evaporation heat of water at 0◦C, J/g
hop(t) Ceiling height of the opaque clouds, m
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htl(t) Ceiling height of the translucent clouds, m
h(t) Solar hour angle, rad
h(t) Hour angle, rad
ha(t) Specific air enthalpy, J/K
h(k)cv,e(t) Exterior convective heat transfer coefficient, W/m2K
h(k)cv (t) Interior natural convective heat transfer coefficient, W/m2K
H˜ (x, δ) Heavyside function of x with δ
i(k) Inclination of surface k, rad
J (k) Set of all surfaces j surrounding k
L(k)S Steady-state thermal coupling coefficient, W/m
2K
Lpi Internal periodic thermal coupling coefficients, W/m2K
Lpe External periodic thermal coupling coefficients, W/m2K
λ Thermal conductivity, W/mK
λloc Local longitude, rad
λstd Reference meridian at which t?std(t) is defined, rad
λp Ecliptic longitude of the periapsis, rad
λg Thermal conductivity of the unfrozen ground, W/mK
λ Wavelength, m
mair(t) Relative air mass, -
m˙( f )a (t) Air flow rate from source f , g/s
M(t) Mean anomaly of the position to the sun of the earth in a Kepler orbit, rad
µg Gas viscosity, sPa
n(t) One-based day number
ny Length of the earth revolution, day
Nug(t) Nusselt number of the gas, -
pe(t) Outdoor air pressure, mbar
Pv Vertical projection of obstructing surface, m
Ph Horizontal projection of obstructing surface, m
P(k) Exposed perimeter of wall k, m
φe(t) Outdoor relative humidity, %
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ϕ Local latitude, rad
q˙(j)abs(t) Absorbed irradiation in pane j, W/m
2
q˙(k)cd (t) Conductive heat flow from surface into k, W/m
2
q˙(k)cv (t) Convective heat transfer at surface k, W/m2
q˙(k)sw (t) Absorbed direct and diffuse solar irradiation at surface k, W/m2
q˙(k)lw,e(t) Longwave heat exchange of surface k with environment, W/m
2
q˙(j,k)sw (t) Shortwave absorbed solar light striking surface k through j, W/m2
q˙(j,k)lw (t) Longwave heat exchange of surface k with the surface j, W/m
2
Q˙(g)a (t) Convective internal heat load, W
Q˙i,n(t) Heat flux from an internal thermal source, W
Q˙n−1(t) Heat flux to lumped capacity n from n− 1, W
R(s,λ)i,j Solar reflectance on pane i to pane j, -
Rn,i Thermal resistance of lumped resistance n, W/K
ρ Density, g/m3
ρ Ground reflectance, -
ρg Gas density, g/m3
σ Stefan-Boltzmann constant
ς
(k)
lw Longwave reflectivity of surface k, -
tsol(t) Solar time, s
t?std(t) Standrd time of the time zone, s
t?loc(t) Local civil time, s
t?Gre(t) Greenwich civil time, s
ty Length of the earth revolution, h
Trs(t) Radiant star temperature, K
Ta(t) Air temperature, K
T¯ Annual average temperature, K
Tˆ Annual average temperature amplitude, K
T(s,λ)i,j Solar transmittance through pane i to pane j, -
Tsw,4(t) Directional total solar transmittance, -
Tsw,♦(t) Hemispherical total solar transmittance, -
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Tn(t) Temperature of the lumped capacity n, K
T(k)s (t) Surface temperature of k, K
Tdb(t) Indoor dry-bulb temperature, K
Tdb,e(t) Outdoor dry-bulb temperature, K
Tce(t) Black-body sky temperature, K
ϑdp(t) Outdoor dew point, ◦C
ϑa(t) Air temperature, ◦C
ξ(k)(t) Solar zenith angle of surface k, rad
v10(t) Outdoor wind velocity at an altitude of 10 m, m/s
Va Air volume, m3
w Width, m
Subscripts.
b Back side of respective object
f Front side of respective object
Superscripts.
(h) Variable related to the horizontal surface h
(k) Variable related to object or surface k
(j, k) Variable related to the relation between surfaces k and j
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D Hydraulic diameter, m
erel Relative error, -
E(yr)hea Annual energy demand for heating, J
E(yr)coo Annual energy demand for cooling, J
Li Length of thermal bridge i, m
ni Correlation factor, -
Ψi,j Linear thermal bridge coefficient, W/mK
P(τ60)hea Peak hourly energy demand for heating, J
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P(τ60)coo Peak hourly energy demand for cooling, J
Q˙tb Direct loss term for thermal bridges, W/K
Tdb Dry-bulb temperature, K
Ts Surface temperature, K
z?i Observed evaluation criteria, -
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